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Although many investigators have suggested, partly on the basis of the results 
of experiments on non-living membranes and partly on the basis of potential 
measurements in living tissues, that electroendosmosis ma} r be the mechanism 
by which osmotic work is performed by living organisms (1, 5, 6), the actual 
experimental evidence for this hypothesis is extremely meager. This hypothe- 
sis implies living tissues are capable of producing sufficient electrical energy for 
the performance of their osmotic work. A review of the literature reveals that 
there have been comparatively few studies on the production of electrical energy 
by living organisms. However, Stapp (11) has attempted to determine the 
ability of the frog skin to produce electrical energy by shunting its potential 
through a relatively low external resistance. He concluded that the electrical 
energy produced under the conditions of his experiments was in the neighborhood 
of 1 to 5 per cent of the total metabolic energy. Blinks (2) has reported the 
production through an external shunt of a continuous current of from 5 to 10 
microamperes from a single halycystis cell. 

For an accurate determination of the amount of electrical energy produced by 
an organism the actual electrical circuits inside the tissue would have to be 
known. Since these internal circuits are not known it has to be assumed for 
the purposes of calculating the electrical energy that the circuit of the tissue 
consists of a potential and a resistance in series. Calculations based on this 
assumption would therefore represent only the minimum possible output of 
electrical energy (see discussion). Since the method of shunting the current 
through an external resistance is limited to determining the minimum possible 
output of electrical energy of a tissue, it would be interesting to know whether 
or not there is any depolarization of the potential upon the withdrawal of the 
current. In other words, to what extent is the ability 7- of a tissue to maintain its 
potential taxed by the withdrawal of the maximum current. The present work 
is primarily concerned with this problem. It would also be of interest to deter- 
mine by this method the electrical energy output of a tissue capable of doing 
considerable osmotic work. The dog’s stomach was chosen because it is a 
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structure capable of producing considerable osmotic work in the secretion of 
HC1 (4) and also, because reports in the literature and preliminary experiments 
revealed that it possessed a relatively stable electrical potential which would be 
advantageous for the study of effects of current flow on the magnitude of the 
potential. Several workers have investigated the effect on the gastric potential 
of drugs that stimulated gastric secretion. Quigley et al. (9) report that these 
agents have no observable effect on the potential while Sarre (10) and Mislowit- 
zer (7) report a decrease in the stomach potential after histamine stimulation. 
In preliminary experiments of the present investigation a decrease in the magni- 
tude of the stomach potential was observed after liistamine stimulation. Since 
the method of shunting cannot give information about the actual electrical 
energy expended inside a tissue, and since the magnitude of the potential was 
higher in the resting stomach than after histamine stimulation, it was decided 
to use the resting stomach as the material for this investigation. 

Methods. Dogs starved for 24 hours after preliminary ether anesthesia 
were injected with either barbital (200 to 250 mgm. per kgm.) or pernoston 1 (35 
to 60 mgm. per kgm.). The stomach was exposed through an abdominal inci- 
sion, ligatures were placed around the lower part of the esophagus and the py- 
lorus, and an incision was made in the ventral wall of the stomach through 
which an electrode could be introduced. The stomach was washed out with 
large quantities of warm physiological saline. Under these conditions there was 
practically no spontaneous secretion, i.e., less than 1 cc. per hour. 

An electrode introduced through the incision in the ventral wall was placed 
on the mucosal side on the ventral wall of the body of the stomach. Another 
similar electrode was placed on the serosal side directly opposite the inside 
electrode. An electrode consisted essentially of a circular shell of lucite con- 
taining a zinc plate which had previously been immersed in a saturated zinc 
amalgam, surrounded by saturated zinc acetate agar (2 per cent) with an outer 
layer of mammalian Ringer agar (2 per cent) to prevent zinc acetate from coming 
in contact with the stomach. Several other types of electrodes were tried but 
none were as satisfactory as the ones described above. Ag-AgCl electrodes 
showed considerable polarization with the current strengths of the same order 
of magnitude as those obtained from the stomach. 

In order to prevent the electrodes from exerting undue pressure on the stomach 
one of the electrodes was fixed and the second electrode was free to swing. The 
support of the second electrode was placed so that the stomach supported a 
given fraction of the weight of tins electrode. The actual pressure exerted by 
the electrode was less than 4 cm. of water. 

These electrodes possessed a potential difference that was usually only a small 
fraction of a millivolt and showed very little polarization, i.e., usually less than 
4 millivolt change with a current density of 4 milliampere per cm. 2 for a period 
of five minutes. Several sizes of electrodes were used, all of relatively large 
surface area to minimize the contribution of neighboring areas, not directly 
under the electrodes, to the production of current. 

1 The Riedel-deHaen Co., Xew York, kindly supplied the pernoston used in these ex- 
periments. 
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In preliminary experiments with thin layers of Ringer agar a white deposit 
appeared on the stomach in a relatively short time. It was found necessary to 
use thicker layers of Ringer agar, i.e., about 1 cm. for each electrode. The 
thicker layers of Ringer agar increased the resistance of the electrodes, the aver- 
age resistance of the electrodes (two electrodes in series) used in the experiments 
reported here being 16.4 ohms per 10 cm. 2 of electrode area. 

Leads from the electrodes were connected to a variable resistance box. The 
voltage drop across the resistance box was measured with either a potentiometer 
or a galvanometer. The resistance of the electrodes plus stomach was found to 
be relatively low and for the later experiments the galvanometer, calibrated as 
a voltmeter, was used in place of the potentiometer. The leads from the resis- 
tance box, for measuring the voltage drop across the box or direct!}' from the 
electrodes, for open circuit voltage measurements, were connected to a resistance 
of approximately 26,000 ohms and the galvanometer leads were connected across 
portions of this resistance (100 ohms for open circuit voltage measurements) 
depending upon the sensitivity desired. With this arrangement wide variations 
in the resistance of the stomach and electrodes would have a negligible effect 
on the galvanometer deflection. The error in using this method for measure- 
ment of the open circuit voltage (referred to as potential in this paper) or the 
voltage drop across the resistance box was less than 0.2 per cent. Current flow 
through the resistance box was calculated from the determinations of the voltage 
drops. A direct current Wheatstone bridge was used for measuring the resis- 
tance of the electrodes. Since the potential difference of the electrodes was 
never actually zero the resistance was determined by measuring the apparent 
resistance in the two directions and averaging these values. 

Results. In the early experiments it was found that the potential of the 
stomach tended to decrease during the course of an experiment. However, in the 
later experiments in which precautions were taken to maintain the temperature of 
the stomach at a normal level, and in which a minimum of the anesthetic was 
used the potential was maintained at a relatively constant value for the duration 
of an experiment. The serosa was found to be positive in the external circuit 
to the mucosa in every experiment. The magnitude of the potentials was 
similar to those found by other investigators (7, 9, 12). 

Effect of decreasing external resistance on current flow. In figure 1A, a typical 
experiment, the current produced by the stomach is plotted against the total 
external resistance of the circuit. The external resistance was regulated by 
varying the resistance of the variable resistance box, the total external re- 
sistance being equal to the resistance of the resistance box plus the resistance 
of the electrodes. The lowest external resistance was equal to the resistance of 
the electrodes plus 1 ohm. Over 40 similar experiments were performed and 
similar results were obtained in all of them. As is shown in the figure, decreasing 
the external resistance increases the current, the rate of increase being greatest 
when the resistance is less than 100 ohms. 

Effect of current flow on the magnitude of the 'potential. An answer to the ques- 
tion as to whether there is depolarization of the potential upon the withdrawal 
of current may be obtained by applying the following well known principle of 
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physics. If a potential difference exists between two points in a circuit, a poten- 
tial and resistance in series can represent the circuit for predictions of the current 
in shunts connecting the two points. That is, if there are two terminals on a closed 
box and nothing is known about the circuit inside the box, a resistance and 
potential of appropriate magnitudes arranged in series constitute an equivalent 
circuit for the actual circuit inside the box with respect to predictions of the 
amount of current flowing through shunts connecting the terminals of the box. 
This is true providing of course that the flow of current in itself does not cause 
a reduction in the magnitude of the potentials in the circuit. Applying this prin- 
ciple to the stomach it follows from Ohm’s law that 

E = R e I + R S I (1) 

where E is the potential of the stomach, R s the resistance of the stomach, R E 
the resistance in the external circuit, and 7 the current in the external circuit. 
On rearranging 

R e I — E ~ Rgl (2) 

From equation 2 it can be seen that R B I vs. 7 can be represented by a straight 
line providing there is no decrease in E as the magnitude of the current increases. 
E is equal to the total IR drop in the circuit. From the data presented above 
{R E vs. 7) R e I was calculated and plotted against 7. In figure 1A it can be seen 
that a straight line accurately represents this relationship. This straight line 
relationship was found in all of the experiments except in a few early experiments 
in which measurements were attempted during periods in which the potential 
of the stomach was not very stable. Inspection of equation 2 reveals that the 
slope of the line is numerically equal to the resistance of the stomach. The 
resistance of the stomachs in these experiments is given in column R, s , table 1. 
The resistance of the stomach per square centimeter can be obtained by multiply- 
ing Rs by the electrode area. The resistances were also determined by means of 
a direct current Wheatstone bridge. The values obtained by the two methods 
were the same within the limits of error of the methods. The measurements 
obtained by the Wheatstone bridge method are not given here because the 3 r are 
not essential to the thesis presented in this paper. 

Effect of shunting for various periods of time on the current output. In the above 
experiments the electrodes and stomach were connected to the variable resistance 
box just long enough to obtain a reading. The time involved for a complete 
series of readings was about three minutes. The question naturally arises as to 
whether the original output of current can be maintained over longer periods of 
time. Figure IB represents a typical experiment in which the current was 
shunted through the electrodes plus a 1 ohm resistor for a period of five minutes. 
It can be seen from the graph that apart from a small temporary initial decrease 
in the current, the current output remained at a relatively constant level. Over 
30 similar experiments were performed in which the current was shunted through 
the electrodes plus a 1 ohm resistor for periods of a few minutes to \ hour. In 
all of the experiments in which the open circuit voltage was relatively constant 
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before shunting (the majority of experiments), the current, during the period 
the shunt was applied, was maintained at approximately its initial value. It 
showed no tendency to decrease with time. In the experiments in which the open 
circuit voltage was either gradually decreasing or increasing, the voltage drop 
through the 1 ohm resistor showed the same proportionate tendency to change as 
did the open circuit voltage before shunting. Interpolation of the open circuit 




Fig. 1A. The curved line represents the current in the external circuit in microamperes 
vs. resistance of the external circuit (resistance of the electrodes plus resistance of variable 
resistance box) in ohms. The lovest external resistance in this experiment was 16.5 ohms 
(resistance of the electrodes, 15.5 ohms plus 1 ohm). 

The straight line represents the IR drop in the external circuit in millivolts (ReI) vs. 
the current in the external circuit. Dog 3 of table 1. 

Fig. IB. Effect of shunting the stomach through the electrodes plus a 1 ohm resistor. 
The line before S and after SR represents the open circuit voltage of the stomach in milli- 
volts (left-hand scale). At S the stomach was shunted; at SR the shunt was removed. 
The line between <S and SR represents the current in the external circuit in microamperes 
(right-hand scale) during the period in which the shunt was applied. Dog 10 of table 1. 


voltages before and after shunting indicated that shunting did not observably 
influence the rate of change of the potential. 

It can be seen in figure IB that after the shunt was removed there was a small 
temporary increase in the potential. The two effects, the small temporary de- 
crease in the current after applying the shunt and the small temporaiy increase 
in the potential after removal of the shunt, were observed in the majority of 
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the experiments in which the magnitude of the current exceeded 150 microam- 
peres per square cm. It was never more than 3 per cent of the average values of 
the current or potential. Controls demonstrated that these effects could not be 
due to peculiarities of the galvanometer used for measuring the potentials. 
Current from a comparable potential and resistance when connected to the gal- 
vanometer showed only a difference of \ mv. between the initial 15 second read- 
ing and the subsequent readings. Controls in which comparable currents were 
passed through the electrodes showed a maximum change in P.D. of less than \ 
mv. These effects seem therefore to be mainly dependent on the activity of 
the stomach. 


TABLE ] 


BOG 



i 

2 

3 

4 

5 

! 6 

| * 

s 

9 

10 

Rs 


7.5 

21.0 

12.1 

24.5 

20.0 

24.4 

11.2 

10.2 

12.1 

Elec, are a . . 


21.3 

13.8 

11.6 

11.6 

i 11.6: 

! 11.6 

10.7 

10.7 

10.7 

7 I 

938 

3,040 

142 

2,040 

150 

1,210 

104 

1.520 ! 

1.170 

1,340 

2.950 

1,830 

171 

, ’ 

2,580 

241 

Intax 

cm. 2 

6S 

131 

101 

115 

; 276 

E 

27.6 : 

47.1 

71.5 

1 29.1 

55.5 

41.2 

51.5 

SO. 5 

44.4 

80.8 

El 

cm. 2 

1.88 ! 

6.74 

10.7 

1 

3.0 

i 

7.3 

4.2 

i 

5.9 

22.2 

! 

7.6 

19.4 


Rs is the resistance of the stomach in ohms as determined from equation 2. “Elec, 
area” is the area of electrodes in square centimeters. /«„ x . is the current in microamperes 
obtained when external resistances equal the resistance of the electrodes plus 1 ohm. 

is the current in microamperes I max . divided bv the electrode area. E is the average of 

cm. 2 

El 

the potentials in millivolts before and after I ma x. was obtained. — - is the rate of electrical 

cm.- 

energy production in microwatts per square centimeter obtained by multiplying E by 
Pernoston was used in the third and last four experiments: barbital was used in the 

cm. 2 

other experiments. 

The maximum current obtained for each of the dogs is given in column I m; «. of 
table 1. The area of the electrode used in each of the experiments is also given 
in table 1. The maximum current per square centimeter was calculated by 
dividing the maximum current by the electrode area. 

Calculation of electrical energy output of the stomach . Since current can be drawn 
from the stomach over comparatively long periods of time and since there is no 
maintained depolarization of the potential during the flow of current, the rate 
of electrical energy production under these conditions can be calculated by multi- 

El 

plying the current by the open circuit voltage. In table 1 column — — gives the 

cm. 2 

rate of production of electrical energy in microwatts per sq. cm. This w r as cal- 
culated from the average of the open circuit voltage before and after shunting 















ELECTRICAL ENERGY OUTPUT OF RESTING STOMACH 


(column E) and the maximum current output (column per cm 2 The 

cm. 2 

average value for electrical energy output was 8.9 microwatts per sq. cm. 

Discussion and conclusions. The foregoing experiments demonstrate that 
as much as 6/.S to 276 microamperes per cm. 2 can be produced continuously by 
the resting stomach without any appreciable maintained depolarization of the 
potential. Had there been marked depolarization of the potential it would in- 
dicate that these amounts of current would be near the maximum that the po- 
tential was capable of producing. The fact that there was no appreciable de- 
polarization suggests that the gastric potential is inherently capable of delivering 
currents of greater magnitudes than those actually obtained. It is to be recalled 
that the calculations of the electrical energy’- produced by the stomach were made 
on the assumption that a potential and resistance represented the actual circuit. 
It is obvious that if any other circuit better approximated the actual circuit of 
the stomach, the amount of electrical energy produced would be greater than 
that calculated. For example, if there were a shunt across the potential inside 
the wall of the stomach and the resistance of the shunt was small compared to the 
resistance of the tissues from the locus of the potential to the serosal or mucosal 
surfaces then the amount of electrical energy might be many times greater than 
that calculated. It should be pointed out here with respect to the problem of 
determining the actual circuit of the stomach that, since a resistance and a 
potential in series constitute an equivalent circuit for the stomach, the sort of 
data presented in this paper will not enable one to determine the actual circuit 
of a tissue. A resistance and potential is an equivalent circuit for the data pre- 
sented in this paper and it is not to be assumed that it is an equivalent circuit 
for all of the electrical characteristics of the stomach. 

Inspection of figure 1A in which current is plotted against resistance might 
suggest that as the external resistance approaches zero the current increases to 
infinity and therefore the problem of determining the ability of the stomach to 
produce electrical energy" is primarily' one of obtaining lower values of the ex- 
ternal resistance. That this is not the case can be shown by an examination 
of the equation representing the above relationship, i.e., 


1 = 


E ■ 
Re "h Rs 


(3) 


obtained from equation (1). It is obvious that as Re approaches zero I ap- 

E 

proaches -g- . 

Rs 

In order to obtain an approximate idea of the relative order of magnitude of 
the electrical energy output a comparison of these values with the values found 
in the literature for the amount of metabolic energy r produced by the resting 
stomach would be pertinent. Ni and Lim (8) give 0.001 cc. of Os per gram per 
minute as an average value of the 0: consumption of the resting vivi-perfused 
stomach. Boenheim (3) gives 166 mm. 3 of O 2 per 100 grams per minute. I or 
purposes of comparison the metabolic energy was calculated in electrical units. 
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The above figures in microwatts per sq. cm. using Ni and Lim’s data for conver- 
sion from grams to sq. cm. are 472 and 200 respectively. Using the average 
value for the electrical energy obtained in these experiments, 8.9 microwatts per sq. 


cm. (average of the values in column of table l),the per cent of total meta- 

cm.~ 


bolic energy obtained as electrical energy is 1.9 per cent and 4.4 per cent, which 
is approximately the same percentage that Stapp (11) found for the frog skin. 
The actual amount of electrical energy production found by Stapp for the frog 
skin was about one-tenth of that found for the stomach. 

The question then arises: Is there enough electrical energy produced by the 
stomach to account for the osmotic work performed in the secretion of gastric 
juice? Calculations reveal that the amount of electrical energy per stomach 
per 24 hours, using the maximum rate of electrical energy production (22.2 
microwatts per sq. cm.), is equivalent to the minimum free energy necessary to 
produce approximately 200 ml. of gastric juice (using Davenport’s (4) value of 
820 cal. per liter). Although the stomach is capable of producing more gastric 
juice than the above amount, it is nevertheless of the same order of magnitude 
as the amounts actually produced. The fact that there was no maintained de- 
polarization of the potential during the flow of the maximum current suggests 
that the stomach potential is inherently capable of producing sufficient energy 
for the secretion of gastric juice. 


SUMMARY 

The potential of the “resting” body of the dog’s stomach was shunted tlnough 
electrodes which had a resistance of approximately the same order of magnitude 
as the stomach. Currents of G7.8 to 276 microamperes per square centimeter 
could be drawn off continuously. Evidence is presented that there is no main- 
tained depolarization of the potential upon the withdrawal of currents of the 
above magnitudes. 
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The retina affords a number of unusual opportunities for studies on the re- 
spiratory activity of nervous tissue. Numerous contributions have been made to 
the literature on the gross metabolism of this tissue. Among the more recent 
studies are those of Adler (1935), Kodama (1936), Krebs (1929), Kubowitz (1929), 
Lindeman (1940), and Jongbloed and Noyons (1936). 

In many respects the respiratory activity of the retina resembles the gray 
matter of the brain. But the retina, as a tissue, affords definite advantages over 
brain tissue for the metabolic studies of nerve cells. First, it probably contains 
a greater concentration of neural elements per unit mass than any other region in 
the nervous system. Secondly, it is thin enough to fall within the thickness 
generally required for respiratory studies of tissue in vitro, thus eliminating the 
necessity of slicing. 

This study deals largely with the experimental analysis of the respiratory activ- 
ity of nerve cells in the retina of several vertebrates. An attempt is made to 
secure additional information about the relative rates of nuclear and cytoplasmic 
respiration in neural tissue. These data provide a basis for computing the 
relative rates of oxygen consumption of individual nerve cells and their nuclei 
in the retina. 

Material. The following animals, representatives of three classes of verte- 
brates, were used in this stud}": 1 Sucker (Catostomus catostomus), shiner 
(Notemigonus crysoleucas), chub (Leucosomus eorporalis), frog (Rana pipiens), 
toad (Bufo americanus), necturus (Necturus maculosus), tortoise (Clemmys 
muhlenbergii), garter snake (Thamnophis sirtalis), and alligator (Alligator mis- 
sissippiensis). All the specimens, except the tortoise and alligator, were col- 
lected locally during the spring and summer months and were used experimentally 
within two weeks of their capture. In each case the tissue used was the retina. 

Methods. The retina was prepared for experimental purposes as follows: 
The animal was decapitated and the eyes removed. The eye was placed in 
Ringer’s solution and the cornea dissected away. The lens was then removed, 
and with the aid of a curved forceps the retina lifted intact from its position in 
the eye. 

The oxygen consumption was measured by the direct method of Warburg in air 
and at 25.3 degrees centigrade. Vessels with a capacity of approximately 5 
milliliters were employed on the manometers. All measurements were made in 
1 ml. of Ringer’s solution, buffered with phosphates to a pH of 7.5. The Ringer’s 

1 Jordan, D. S. Manual of the vertebrate animals. 13th ed. 
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solution was prepared each time from stock solutions of pure m/9 NaCl, m/9 
KC1, and m/9 CaCl 2 , in proportions of 100: 1.5: 1, respectively. Forty per cent 
KOIi was used in the central well to absorb the carbon dioxide. The rate of 
oxygen consumption was computed from an average of the first 2 hours, and 
expressed in cubic millimeters oxygen consumed per milligram wet weight of tis- 
sue per hour. 

The technique employed for counting and measuring the nuclei was similar to 
that used by Pearce and Gerard (1912) for frog brain tissue. In brief the pro- 
cedure was as follows: After removing the retinae from the respiratory chambers 
they were carefully blotted and weighed. They were then transferred to small 
test-tubes containing exactly 2 ml. of 25 per cent acetic acid in water. Gentle 
shaking reduced the tissue to a fine suspension of intact nuclei and dissolved 
cytoplasm. One-fourth milliliter of 1 per cent methylgreen was added to stain 
the nuclei. Approximately 15 minutes was allowed for maximal staining. Sam- 
ples were removed from the test-tube with a white cell diluting pipette and a drop 
of the suspension was placed under the cover glass of a hemocjrtometer counting 
chamber. The nuclei in 25 large squares were counted for each sample and at 
least 3 samples from each suspension were averaged. The variation between 
different samples of a suspension was seldom more than five per cent. The num- 
ber of nuclei per milligram of retina was calculated for each suspension. 

The nuclear dimensions were measured with an ocular micrometer at a mag- 
nification of approximately 450 X . The long and short diameter of 1000 nuclei 
was measured for each representative of vertebrate retina studied. 

The protoplasmic volume of the whole retina was measured by a method em- 
ploying Archimedes Principle. The procedure consisted first, of weighing the 
retina in air, while suspended from a fine strand of silk thread which had been 
carefully oiled to reduce surface tension. The retina was then weighed suspended 
in a dish containing m/9 NaCl. The weight of the thread was subtracted from 
both weights. The volume was computed by using the formula 

Volume = = cubic millimeter/milligram of tissue 

aNaci X Wa 

W A Weight in air. 

TF NaC i Weight in NaCl. 

d NaC i Density of the NaCl solution. 

It vail be noted that connective and non-neural tissues are not taken into 
consideration when computing the values for neural elements. These corrections 
are difficult to determine and at best can only be estimated. Wien the relative 
number of nerve cells per unit mass of retina is compared with an equal 
mass of brain tissue, the retina greatly exceeds the average brain 
sample in cell population. This is also true for total nuclear mass per 
milligram of tissue. If it can be assumed that the ratio of nucleus to cytoplasm 
is approximately the same in the cells of the retina as in brain tissue, the greater 
number of neural units in the retina would considerably reduce the non-neural 
elements. Pearce and Gerard (1942) found that the average brain sample 
contained approximately 10 per cent endothelial cells, with the anterior olfactory 
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nucleus having as low as 6.5 per cent. In view of the greater nerve cell popula- 
tion in the retina it seems reasonable to assume that the amount of non-neural 
tissue would be somewhat lower than that in the average brain sample. More- 
over, when one considers that the non-neural cells in the average frog brain sam- 
ple is estimated to consume only about 0.1 per cent of the total oxygen uptake 
per hour (Pearce and Gerard, 1942), it logically can be considered quite unlikely 
that the non-neural elements would contribute any more to the total metabolism 
of the retina. This, coupled with the possibility of various technical errors in- 
volved in cytological measurements, would no doubt cancel out the non-neural 
tissue as a value to be considered in the computations. 

Results and discussion. ,It seemed desirable, as the first step in the experi- 
mental part of this study, to determine the relative number of neural cells in the 
retina of the different vertebrates being studied. By counting the number of 
nuclei in a measured volume of tissue suspension a fairly accurate determination 


TABLE 1 

Nuclear count per milligram, of retina (X10 z ) 


ANIMAL 

EXPERIMENTS 

MEAN NUMBER OF 
NUCLEI 

STANDARD 

DEVIATION 

PROD. ERROR OF 
MEAN 

Sucker 

9 

592 

2.8 

0.61 

Shiner 

10 

925 

14 

3.04 

Chub | 

S 

836 

31 

7.4 

Necturus 

8 

72.9 

6 

! 1.4 

Frog 

10 

325 

5.2 

1.13 

Toad 

9 

419 

14 

3.1 

Tortoise 

S 

287 

22 

5.3 

Snake 

9 

708 

36 

8.09 

Alligator 

8 

743 

50 

11.7 


of the cells was obtained. The term “nerve cell,” as it is frequently used, refers 
to all neural cells irrespective of their modification or function. 

The data contained in table 1 form a summary of the nuclear count for the vari- 
ous vertebrate retinae studied. The mean number of nuclei represent an average 
of at least 25 coimts on from 8 to 10 retinae. 

The group as a whole displayed a rather wide range of variation in the number 
of nerve cells per unit mass. It should be noted that the one extreme is repre- 
sented by the necturus with a count of 72,000 cells and the other extreme by the 
shiner with 925,000. Between these two extremes there is a fair representative 
distribution. 

The next step in the cytological study involved the measurement of nuclear 
volumes. Assuming that the nucleus be either an ellipsoid or a sphere, the volume 
can be computed from two measured diameters. Where one diameter is greater 
than the other, it is assumed to be an ellipsoid and the volume can be computed 

from the formula, V = ~ d-1. Where the two diameters are equal, the mass is 

6 

assumed to be a sphere and the volume is computed from the formula V = h d\ 
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Measurements of the long and short diameters were made for 1000 nuclei from 
several suspensions of each vertebrate retina used in this study. Those nuclei 
having the same dimensions were then classified into groups and their individual 
as well as their total volumes computed. The total nuclear volume per milli- 
gram of retina was obtained by multiplying the mean nuclear volume per nucleus, 
computed on 1000 nuclei, by the mean number of nuclei per milligram of retina. 

The measurements of total protoplasmic volume per milligram of retina were 
made upon the retina of the frog, toad, sucker, and tortoise. The values ob- 
tained in each case were all so nearly the same, within the limits of experimental 
error, that a mean was obtained from 14 determinations on retinae from the above 
four animals. The mean protoplasmic volume of the whole retina, as determined 
in this manner was 0.9746 db 0.0018 eu. mm. per milligram of tissue. This 
value was used to compute the nucleo-protoplasmic. ratio of all retinae. By divid- 
ing the total nuclear volume by the total protoplasmic volume a ratio is obtained. 
A summary of these data is found on table 2. 


TABLE 2 

A comparison of the miclear and protoplasmic volumes 



SUCKER 

CHUB 

I SHIN'ER 

1 

NEC- 

TURUS 

TROG 

TOAD 

TOR- 

TOISE 

SNAKE 

ALLI- 

GATOR 

1 

| 



Nuc. /mgin. /retina. X 10 5 





592 

S36 

925 

72.9 

325 

419 

287 

708 

743 

Mean nuc . vol ./ mm , 3 
X 10~ 7 

1.51 

1 

0.S6 


2.7S 

2.59 ; 

2.37 

1.18 | 

2.19 

Total nuc. vol ./mg. 
/ret.mm. 3 










Nucleo-protoplas- 
mic ratio 

1 


3 


3 


0.111 





As one would expect, there is a reasonably close relationship between the mean 
nuclear volume and the number of cells per milligram of tissue. When the total 
nuclear volume is compared with the total protoplasmic volume a few cases 
stand out as not conforming to the general pattern. Particular attention is 
directed to the necturus, alligator and the tortoise. The nucleo-protoplasmic 
ratio is 0.300 for the necturus, 0.180 for alligator, and 0.070 for the tortoise, as 
compared to an approximate ratio of 0.09 for the other retinae studied. 

These findings suggest a possible approach to the question: How much does 
the nucleus as a mass contribute to the total oxygen consumption of the cell? 
If the assumption is made that the whole protoplasmic mass contributes equally 
to the total respiration of the cell, as claimed by Pearce and Gerard (1942), for 
frog brain neurones, then the ratio of nucleus to cytoplasm within a cell should 
not be a factor in determining its rate of metabolism. In other words, a cell with 
a nucleo-cvtoplasmic ratio of 0.300 might have a rate of oxygen consumption 
of the same magnitude as one with a ratio of 0.07. On the other hand, if the 
nucleus and cytoplasm have appreciably different rates of metabolism the ratio 
of one to the other might eonceivabfy influence the rate of the whole cell. 
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In order to test this assumption, oxygen consumption measurements were made 
on various vertebrate retinae. The data contained in table 3 summarize the 
results of 82 experiments on 9 different vertebrates. 

It is obvious that there is little justification for comparing the mean respira- 
tory rates of the different retinae. However, it is interesting to compare the cell 
populations, nuclear volumes, and nucleo-protoplasmic ratios of the various ret- 
inae with the amount of oxygen consumed by each. Such an examination re- 
veals that there is no correlation between the number of cells and the rate of 
oxygen consumption. There is no more similarity in the rate of respiration 
between retinae having approximately the same number of cells than there is 
between retinae which differ greatly in cell count. Tins lack of correlation also 
exists when respiratory rates are compared to nuclear volumes and nucleo-proto- 
plasmic ratios. It will be noted that the mean oxygen consumption of retinae 
with similar nucleo-protoplasmic ratios are no more comparable than those with 
widely different ratios. A comparison of several specific cases will illustrate this 

TABLE 3 


Mean oxygen consumption of vertebrate retina min 3 per mgm. per hour 


animal 

EXPTS, 

MEAN 0} 
consumed 

STANDARD 

DEVIATION 

PROD. ERROR 

OF MEAN 

Sucker 

10 

0.592 

0.063 

0.012 

Shiner 

9 

0.768 

0.028 


Cliub 

9 

0.756 

0.010 

sSBmmmmSt 

Necturus 

9 

0.664 

0.035 


Frotr 

10 

0.467 

0.027 

ZWmiWmXmS 

Toad 

S 

0.540 

0.090 


Tortoise 

9 

0.445 

0.035 

JSliiiKS 

Snake 

10 

0.569 

0.035 

ISnjifruMlli 

Alligator 

8 

0.529 

0.033 

IlnWtTttKM 






point. The necturus retina with a ratio of 0.300 and a mean rate of oxygen 
consumption of 0.604 cu. mm. per milligram per hour when compared with several 
retinae having a ratio of approximately 0.09, has a respiratory rate higher than 
some and lower than others. This also holds true for the alligator which has a 
ratio of 0.180. Moreover, the oxygen consumptions of retinae with similar 
nucleo-protoplasmic ratios are no more consistent. 

If a sufficient sampling has been made and one is justified in making the above 
comparisons, this evidence would seem to indicate that the whole protoplasmic 
mass contributes equally to the total metabolism of the retinal nerv e cells. 
These findings are also in agreement with the findings of Pearce and Gerard 
(1941) for frog brain cells. If this is a reasonable assumption it should be pos- 
sible to compute the oxygen consumption of the individual nuclei and in tuin, the 
whole cell. It is a rather simple matter to compute the mean rate of respii ation 
per cell. This can be done by simply dividing the oxygen consumed per milli- 
gram of retina by the number of nuclei per milligram of tissue. The mean 
oxygen consumption per cell is of little significance since it merely represents a 
value obtained upon a hypothetical cell. However, by employing this value in 
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conjunction with measurements of nuclear and protoplasmic volumes (table 2) 
the mean oxygen consumption of a cell of known volume can be approximated. 

Before the oxygen consumption of the individual cells could be evaluated it 
was necessary to know their volumes. The method employed in obtaining 
these data postulates a nucleo-eytoplasmic ratio for each cell on the basis of 
values obtained for the nucleo-protoplasmic ratio per milligram of retina; hence 
the values for cell volumes are only relative and can only be considered as ap- 
proximations. The author recognizes the limitations of this method, but be- 
cause of the practical difficulty of measuring accurately the volume of a single 
nerve cell this procedure appeared to be a plausible solution to the problem. 


TABLE 4 

A comparison of the mean rates of oxygen consumption of cells and nuclei 



SUCKER 

CHUB 

i 

j srri.vER 

NEC* 

TURUS 

PROG 

j TOAD 

TOR- 

TOISE 

StfAKE 

AIXIG. 




Mean Oj consumed per mgm. /ret./ per hr. mm.i 




0.592 

0.768 

0.756 

0.664 

0.467 

0.540 

0.445 

0.569 

0.529 

Mean 0 2 consumed 
per cell/hr. mm. 3 
X 10~ c * 

, i 

1.0 

0.90 

0.80 

9.11 

I 

1.44 | 

) 

1.29 

1.55 

o.so 

0.71 

CL consumed by | 
nuc. per mgm. ret. 
per hr. mm. 3 f .... 

0.054 

O.OG6 

0.065 

1.98 






Mean 0 2 consumed 
per nucleus, mm. 3 
per hr. X 10“ . . 

| 

0.94 

i 

0.77 

1 

0.71 

25.7 

3.8 

1.44 


0.67 

1.24 


* 0: consumed per ragm. per hr. 


Nuclear count per mgm. retina. 

t Os consumed per mgm. per hr, X total nuclear volume per mgm. retina 
Protoplasmic volume per mgm. of retina. 

% Oxygen c onsumption of nuclear mass per mgm. retina 
Nuclear count per mgm. retina. 

By utilizing the data in tables 2 and 4 the oxygen consumption of nuclei of 
different volumes was computed. This was done according to the following 
formula: 

Oxygen consumption of mean nuclear volume X volume of nucleus 

Mean volume of nuclei 

The formula for computing the individual cell volumes employed the following 
relationships : 

Protoplasmic volume per mgm. of retina X volume of nucleus 
Total nuclear volume per mgm. of retina 
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Tlie 0x3 gen consumption of the cells with different volumes was computed as 
follows: 


Oxygen consumpti on of the nucleus X volume of the cell. 

Volume of the nucleus. 

Table 5 is an analysis of the cellular respiration of 3 vertebrate retinae, one 
representative from each class. Columns 1 and 2 give the nuclear and cell 
volumes respectively, 3 and 4 the corresponding rate of oxygen consumption for 
the nucleus and cell, and 5, a percentage grouping of nuclei according to volume. 

TABLE 5 


The relative oxygen consumption of nuclei and cells of different volumes 


NECTURUS 

SHINER 

ALLIGATOR 

Volume 

0 2 consumed 


Volume 

j O 2 consumed 

i 

Volume 

O 2 consumed 


(mm. 1 ) 

(mm. 1 ) 

No. 

(mm. J ) 

(mm. 1 3 4 ) 

1 

| No. 

(mm. 5 ) 

(mm. 5 ) 

No. 

Nuc. 

Cell 

Nuc. 

Cell 

nuc. 

Nuc. 

Cell 

Nuc. 

Celt 

; nuc. 

Nuc. 

Cell 

Nuc. 

Cell 

nuc. 

KM 

10-7 

10-’ 

10-7 


10-7 

10-7 

10-7 

10-7 

i 

i 

10-7 

10-7 

10-7 

10-’ 






per 





1 per 





ptr 





cent 





cent 





cent 

16.9 

53.7 

10.8 

35.6 

7 

0.265 

3.17 

0.160 

1.93( 52 

0.79 

4.41 

0.44 

2.45 

3 

21.6 

71.3 

11.3 

47.7 

11 

0.391 

4.70 

0.23S 

2.88 

S 

0.87 

4.85 

0.49 

2.73 

37 

23.4 

77.2 

14. S 

4S.8 

S 

0.530 

6.35 

0.323 

3.90 

2 

1.17 

6.28 

0.66 

3.68 

1 

35.3 

116.0 

22.2 

73.0 

5 

0.870 

9.85 

0.720 

8.17 

20 

1.75 

9.38 

0.99 

5.50 

20 

39.1 

129.0 

25.0 

83.0 

38 

1.170 

14.0 

0.835 

10.0 

3 

2.37 

13.20 

1.33 

7.43 
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2.370 

28.5 

1.48 

17.8 

9 

2.84 

15.80 

1.60 

8.82 
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46.6 

164.0 

29.7 

101.0 

8 

3.230 

38.8 
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23.8 

4 

3.23 
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2.00 

11.10 

4 

53.6 

177.0 

34.0 
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4 

6.960 
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4.25 

51.1 

2 

4.41 

24.40 

2.48 

13.80 

2 

55.7 

1S3.5 

35.4 

116.0 
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6.96 

38.80 

3.92 

21.80 

5 

66.2 

21S.5 

44.3 

138.0 
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8.97 

49.90 

5.05 

28.00 

1 

83.0 

274.0 

53.0 

175.0 

1 











91.9 

303.0 

81.8 

246.0 













SUMMARY 

1. Cytological measurements and oxygen consumption determinations were 
made upon the following vertebrate retinae: Suckei, Chub, Sliinei, biog, 
Necturus, Toad, Snake, Tortoise, and Alligator. 

2. The cell population of the different retinae was found to lange fiom 1 2,900 
per milligram in the necturus, to 925,000 per milligram in the shinei , with a good 

range of distribution between these extremes. 

3. The ratio of nucleus to protoplasm was approximately 1:10 in all cases 
except the necturus, alligator and tortoise, which had latios of 1.3.3, 1.5.56, 
1:14.3, respectively. 

4. No apparent correlation seemed to exist between the nucleo-protoplasmic 
ratios and the mean rate of oxygen consumption of the various retinae. This was 
interpreted to indicate that the whole protoplasmic mass contributed equally 

to the total metabolism of the cells. 
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5. The oxygen consumption of the individual nerve cells was computed 
relation to their nuclear and cell volumes. 
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A lowering of the blood pressure following the removal of the hypophysis has 
been reported for a number of animals. Wyman and turn Suden (I) measured 
the blood pressure of the hypophysectomized rat by carotid cannula and found it 
to be subnormal. Recently Williams, Harrison and Grollman (2) have de- 
scribed a method by which repeated systolic blood pressures can be obtained on 
the unanesthetized rat and it was a purpose of this investigation to use this 
method and record an3 r blood pressure changes following hypophysectomy. 

Estradiol benzoate and diethylstilbestrol have been shown to elevate the blood 
pressure of the normal rat, in some cases, to hypertensive levels (3). In view of 
this action of stilbestrol in the normal rat it appeared of interest to compare its 
action on the blood pressure of the normal and hypophysectomized rat. 

Materials and methods. Forty-nine male rats, weighing 250 to 340 grams 
and ranging from 100 to 176 days in age, were used for these experiments. Of 
this group, 29 were hypoplrysectomized. The systolic blood pressure was de- 
termined by the method of Williams, Harrison and Grollman (2). Several 
pressure determinations were made before hormone administration or hypo- 
physectomy, because the first two or three determinations were usually found to 
be higher than normal. However, the animals readily became habituated to the 
apparatus and normal rat pressures exhibited little variation. 

Diethylstilbestrol 2 was dissolved in sesame oil and administrated intra- 
muscularly in daily dosages of 1 mgm. contained in 0.05 cc. of oil. 

Pituitary capsules were serially sectioned, stained with Mallory’s connective 
tissue stain and examined microscopically. Data from only completely hypo- 
physectomized rats are presented. 

Results. Normal rats. The sj r stolie blood pressure of normal rats fluctuated 
between 111 and 118 mm. Hg as an average for eleven animals over a twenty-nine 
day test period (fig. 1). 

Injection of 1 mgm. of stilbestrol daily into nine normal rats caused a gradual 
rise in systolic blood pressure in eight animals. After ten injections a definite 
upward trend of the pressure was established and after twenty-eight da} r s of 
hormone a dmi nistration the average pressure of the stilbestrol treated rats was 
twenty millimeters above the normal. The degree of rise varied from 0 to 38 
mm, in different rats. Individual cases exhibited four instances in which the 

1 Part of this investigation was carried out in the laboratory of Dr. V . V . Sw ingle and 
we are indebted to him for certain necessary facilities. 

2 The stilbestrol was generously supplied by Dr. John F. Anderson of E. R. Squibb & 
Sons. 
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pressure ranged between 145 and 153 mm., the latter being the highest pressure 
recorded (fig. 1). 

Hypophysectomized rats. Following lwpophysectorr^ the blood pressure 
dropped rapidly, being 76 mm. for an average of nine rats following a postopera- 
tive interval of eight days. At about this time the blood pressure became stabi- 
lized and maintained approximately an 80 millimeter average for the twenty-nine 
da}' investigational period. Individual systolic pressures following hypophysec- 
tomy ranged from 65 to 90 mm. and represented an average decrease in 
pressure of 30 to 35 mm. (fig. 2, curve A). We have also determined the blood 
pressure of nine rats following a post-operative period of one hundred eighty to 



Fig. 1. Effect of diethylstilbestrol on systolic blood pressure of normal rats. O O 

normal untreated rats; O O, normal rats injected with 1 mgm. of stilbestrol per day. 

Fig. 2. Effect of diethylstilbestrol on the systolic blood pressure of hypophysectomized 
rats. Curve A, change in systolic blood pressure of hypophysectomized rats. Curve B, 
systolic blood pressure of hypophysectomized rats injected with 1 mgm. of stilbestrol 
starting the day of hypophysectomy. Curve C, systolic blood pressure of hypophy- 
sectomized rats injected with 1 mgm. of stilbestrol daily starting 12 days postoperatively. 

tw'O hundred twenty-two days. Several determinations were made on each rat 
during the course of a week and blood pressures were found to range from 71 to 
83 mm. 

Starting the day of l^pophysectonry, seven rats were injected with 1 mgm. of 
stilbestrol daily for ten days. The blood pressure decline was markedly ac- 
centuated, reaching 75 mm. in three days. At the end of ten days the average 
blood pressure was 50 mm., which represented a pressure of 25 mm. below that of 
untreated hypophysectomized rats (fig. 2, curve B). One animal failed to survive 
the ten-day injection period but this appeared to approximate the maximum 
treatment period the rat could tolerate. 
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To offset tbe combined effect of stilbestrol and hypophysectomy, the injection 
of stilbestrol was withheld until twelve days after the operation at which time the 
blood pressure is essentially stabilized. Injection of stilbestrol in 1 mgm. daily 
dosages produced a marked drop in blood pressure in eight to nine days, the 
pressure being 20 to 30 mm. below the control level (fig. 2, curve C). Two of the 
four rats died after ten daily injections. 

Discussion. The systolic blood pressure of the normal rat can be increased 
from 15 to 50 mm. by the daily oral administration of 1 mgm. of diethylstilbestrol, 
an effective rise being observed in six to ten days (3). In our experiments the 
intramuscular injection of the same dosage into normal rats caused an increase 
in blood pressure but the response was less rapid, being first observed after ten 
days and definitely established after twenty days. The average pressure in- 
crease was 20 mm. and the maximum response was a 38 mm. rise in pressure. 
The specific manner in which this effect is accomplished is unknown but some 
possibilities suggest themselves, such as a direct influence on the vascular sj'stem, 
since Reynolds and Foster (4, 5) have observed an effect of estrogen on periph- 
eral circulation although without a constant effect on blood pressure. The 
adrenal glands maj' influence the pressure response since these organs were 
markedly hypertrophied, or the kidney may play an influential role in that sterols 
have been shoAvn by Solve (6) to alter the kidney. Grollman et al. (3), suggest 
the hypertensive effect is due to renal injury since the elevated blood pressure can 
be reduced with renal extracts. 

In hypophyseetomized rats the average systolic blood pressure decreases 30 
to 35 nun. during the first ten days post-operatively and maintains approximately 
the same level for as long as 222 days. However, administration of stilbestrol 
to hypophyseetomized rats causes an initial pressure decrease of 30 to 35 mm. in 
three days with a further decline of about the same proportion occurring after 
eight to ten days. That the action of stilbestrol is not merely accentuating the 
effect of hypophysectomy is shown by a similar reduction in blood pressure in 
animals in which injections were begun twelve days after the operation. The 
lowered pressure need not be correlated with death of hypophyseetomized rats as 
we have recorded pressures of 80 to 90 mm. in animals that died during the follow- 
ing twenty-four hours. Thus, under the conditions of these experiments there is 
ncT evidence for a direct effect on the vascular system to raise the blood pressure 
although the toxic effect may overshadow any pressor action. The toxic effect 
of stilbestrol, in tbe dosage used, on hypophyseetomized rats is further indicated 
by a maximum ten to fifteen days' survival period whereas in the normal rat a 
pressor action is evident in this tune. The toxic effect of stilbestrol has been 
observed in adrenaiectomized rats (7). 

SUMMARY 

1. The daily injection of stilbestrol into normal rats produces a gradual rise in 
systolic blood pressure, reaching hypertensive levels in many cases. . 

2 The systolic blood pressure of the untreated hypophyseetomized rat de- 
creased, on the average, 30 to 35 mm. below normal within ten days after hypo- 
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physeetomy. Rats hypophysectomizcd for seven months had a blood pressure 
stabilized at this low level. 

3. The injection of liypophysectomized rats with stilbestrol produced a fall in 
blood pressure below that of operated controls. 
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The role of /-ascorbic acid as an activator for the growth of tissues is well rec- 
ognized. Baker (1) found that the addition of 0.1 to 0.5 mgm. per cent ascorbic 
acid to a culture medium containing serum, peptone, etc., resulted, after about 
2 weeks, in stimulating the proliferation of fowl monocytes. She ascribed the 
latent period of two w r eeks to the vitamin reserves in the original tissue. 
Vogelaar and Ehrlichman (2), by using a largely synthetic medium, found that 
the stimulating action of ascorbic acid on the growth of mouse sarcoma tissue 
was appreciable within several days. 

Another angle of approach is that of Wolbach and his co-workers (3, 4, 5) who 
assigned the activity of vitamin C to the elaboration and maintenance of col- 
lagenous material which the3 r regarded as cell-binding substances. The de- 
ficiency of this interstitial substance in scorbutic animals and recovery on feeding 
with vitamin C offered a strong argument for this view. Further substantiation 
has been presented by Jeney and Toro (6) who reported the beneficial effect of 
ascorbic acid on the formation of fibers in tissue cultures of fibroblasts. Wolbach 
and Bessey (7), in a recent review, refer to several papers on the beneficial effect 
of ascorbic acid in the healing of wounds in experimental human ascorbic acid 
deficiencj r . 

No distinction seems to have been made between collagenous material as a 
supporting tissue and the actual intercellular cement which binds epithelial 
cells together. The maintenance of the latter has been shown (8, 9) to be di- 
rectly proportional to the concentration of calcium ions in the medium. It was 
of interest to determine whether this effect is stimulated by the presence of /- 
ascorbic acid or whether the latter acts more directly on intracellular reactions. 

The feature of the experiments described in tins paper is the use of tissue cul- 
tures with well-formed epithelial sheets washed free of the diffusible components 
of the normal plasma medium and then mounted in various experimental media, 
some of which contained and others lacked /-ascorbic acid. 

The tissues used were kidney and intestine from 10 day chick embryos, also 
kidney and parotid gland from 20 day embiyos of the guinea pig which is known 
to depend on external sources for its supply of vitamin C. 

The culture medium consisted of 1 part fowl plasma, 3 parts serum (normal 
guinea-pig serum for guinea-pig tissues and chick serum for cluck tissues) and 1 
part guinea-pig embryo or cluck embryo extract. This clots within 2 or 3 min- 
utes after mixing and forms a soft coagulum around the tissue fragment. 

The selected tissues, cut into small fragments (ca 1-2 mm.), were placed in a 

1 Aided by funds from the International Cancer Research Foundation, Philadelphia. 
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drop of tfie freshly prepared medium on a coverslip attached to a larger coverslip 
by a drop of moisture. The larger coverslip, carrying the smaller slip, was then 
inverted and sealed over a depression slide and the preparation incubated at 
the appropriate body temperature. This method is known as the double cover- 
slip method (10, 11) and permits transferring the smaller coverslip aseptically 
and washing the culture undisturbed in its clotted medium. 

The experimentation was started after about 48 hours of incubation when 
the epithelial sheets were extensive. The first step, which involved all the 
cultures, was' to wash them in buffered Tyrode solution 2 for 30 to 45 minutes 
during which the bathing solution was changed every 4 to 5 minutes. This re- 
moved the diffusible ingredients normally present in the clotted medium, but 
did not affect the fibrin clot which supported the explants and the cellular out- 
growths surrounding them. The washing did not disturb the cellular tissues 
but caused a cessation of growth. 

In order’ to test the possible role of Z-ascorbic acid on intercellular cement 
formation, the washing solution, in some cases, was Tyrode solution lacking cal- 


TABLE 1 



immersion* fluid 

OBSERVED EFFECTS 

I 

Tyrode solution alone 

18 hours: Initial stages of de- 

II 

Tyrode -f cortical extract (1:10,000) 

terioration; granulation of 

III 

Tyrode + cortical extract (1:1000) 

! 

cells and lack of growth 

4S hours: No improvement 

IV 

Tyrode 4- ascorbic acid alone (10 mgm. in 100 cc.) j 

18 hours: Good condition 

V 

Tyrode + cortical extract (1:10,000 or 1:1000) 
and ascorbic acid (10 mgm. in 100 cc.) 

4S hours: Good condition 


cium salts. This removed Ca ions from the culture until the cells of the sheets 
became more or less separated by a dissolution of the intercellular cement (9). 

The second step was the addition to the culture of the various experimental 
media. Two general procedures were used to test the effect of Z-ascorbic acid 
on the washed cultures. One was to compare the effect of plasma or serum from 
a normal guinea pig with that of plasma or serum from a scorbutic guinea pig. 
The other was to compare the effect of Z-ascorbic acid 3 in Tyrode with that of 
Tyrode alone. In all experiments of this series, the solutions in the Z-ascorbic 
acid were used immediately after preparation. The scorbutic guinea pigs were 
furnished through the courtesy of Dr. R. L. Zwemer, the College of Physicians 
and Surgeons, Columbia University 4 . 

■ The formula used for the Tyrode solution was: NaCl 8.00 grams, KC1 0.20 gram, CnCl» 
(anhydrous) 0.20 gram, MgCl» 0.10 gram, glucose 1.0 gram, NalUPCL 0.05 gram in distilled 
water to 1000.00 cc. The solution was adjusted to pH 7.6 by the addition of NaHCO s . 

3 The (-ascorbic acid was a water soluble crystalline product listed as Ascorbic acid 
vitamin C, U.S.P. Merck. 

•i The guinea pigs were fed on a diet of oats and showed first signs of scurvy, one on the 
fifth and the other on the seventh day. Blood for the experiments was obtained on the 27th 
day when the guinea pigs were significantly ill. 
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Guinea-pig tissues were used in the experiments with guinea pig plasma and 
serum, chick embryo tissues in the experiments with the Tyrode solutions. 

1. Experiments with scorbutic plasma and serum. Forty-eight hour cultures 
of guinea-pig epithelium were bathed in frequent changes of Ca-free Tyrode 
solution until the cells of the epithelial sheets were loosened from one another 
and had become rounded. This occurred in from 20 to 30 minutes. A drop of 
plasma from a scorbutic guinea pig was then added to the washed cultures. The 
control cultures were treated in the same way, using plasma from a normal 
animal. 

After 3 hours the sheets had reformed equally well in the experimental and the 
control cultures. The rounded cells spread out and, when contiguous, cohere*! 
into homogeneous sheets with the usual absence of visible cell outlines. More- 
over, the sheets remained firmly attached to the culture substrate. 

The difference between the effect of the two types of plasma became apparent 
after 15 hours of incubation. In the cultures with scorbutic plasma, the sheets, 
although coherent, showed no increase in area and the cells gave signs of de- 
terioration, becoming granular especially along the margins of the sheets where 
the cells tended to round up and become clumped. On the other hand, the sheets 
of the cultures with normal plasma grew considerably and appeared normal and 
healthy. 

Similar results were obtained by immersing the cultures in normal and in scor- 
butic guinea pig sera where they were left for 3 hours at body temperature and 
then remounted over depression slides each in a hanging drop of the serum in 
which they had been immersed. 

2. Experiments with l-ascorbic acid in physiological salt solution. Forty-eight 
hour cultures of chick epithelium, previously washed in Tyrode, were immersed, 
some in Tyrode solution alone for controls, and others in Tyrode solution con- 
taining 10 mgm. in 100 cc. Z-ascorbic acid freshly prepared. 6 One series of the 
cultures had been washed in the normal calcium-containing Tyrode and another 
series, in calcium-free Tyrode until the cells had begun to separate. 

The sheets with partially separated cells recovered rapidly .irrespective of the 
presence or absence of the Z-ascorbie acid in the final calciiun-containing.medium. 
However, about 12 hours later the sheets of the cultures in the salt solution 
lacking Z-aseorbic acid were unhealthy and showed signs of degeneration nothin 
18 to 24 hours while those in solutions containing it were healthy and showed 
active growth for the 96 hours’ duration of the experiment. The cultures which 
had not been previously exposed to the Ca-free solutions gave similar results. 

3. Experiments with adrenal cortical extract. 01 Experiments were also made to 
test the action of the whole extract of the adrenal cortex in the presence and ab- 
sence of Z- ascorbic acid on the epithelial sheets of the. chick embryo kidney and 

5 No attempts were made to test the effect of varying the concentration of the Z-ascorbic 
acid although in several experiments a concentration of 5 mgm. in 100 cc. was used with no 
pronounced differences being noted. The higher concentration was routinely used because 
of the ease with which the acid is destroyed on oxidation. 

6 The extract was furnished through the courtesy of Dr. E. C. Kendall. One cubic cen- 
timeter of this extract represents extractable components of 75 grams of adrenal cortex. 
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intestine. The cultures were divided into five lots and immersed in media as 
indicated in the table. They were then removed from the media after four hours 
and sealed over depression slides in hanging drops of their respective experimen- 
tal fluids. The results arc shown in the accompanying table, viz., that Z-ascorbic 
acid stimulates epithelial growth in Tyrode solution irrespective of the presence 
or absence of the cortical extract. 

Discussion. The experiments described in this paper fully confirm the results 
obtained by Baker and by Vogelaar and Ehrlichman by demonstrating the 
importance of Z-ascorbic acid for stimulating the growth of epithelial tissues. 
Our more rapid detection of the effect is presumably due to the method of re- 
moving effective traces of the Z-ascorbic acid before starting the experimental 
procedure. 

The failure of Z-ascorbic acid to affect the development and function of the 
intercellular cement of parotid gland, intestinal and renal epithelium does not 
necessarily counter the findings of Wolbach and Iris co-workers. Wolbach had 
shown that vitamin C is essential for the formation and maintenance of inter- 
stitial matrices, more particularly of dentin, bone and of collagen in connective 
tissues. Menkin, Wolbach and Menkin identified the action described by Wol- 
bach with that of crystalline Z-ascorbic acid. The non-essentialness of Z-ascorbic 
acid for the production and effectiveness of the material which causes cells to 
adhere together indicates that the intercellular cement proper is of a different 
order from materials of collagenous nature. Cells which depend upon a cement 
for making them stick together can generate such a cement in the absence of 
Z-ascorbic acid. That which is required to render the cement effective is the 
presence of ionic calcium which presumably fixes the cement by converting it 
into a non-dispersible complex. However, cellular reactions of multiplication, 
growth and movement are definitely accelerated by the presence of Z-ascor- 
ibic acid. 

The experiments with the adrenal cortical extracts were made because of the 
possibility that these extracts may exert an additive effect to that of the ascorbic 
:acid. Experiments in this laboratory (unpublished) indicate that the extract 
■of adrenal cortex stimulates the secretory activity of kidney tubules in tissue 
culture. 


SUMMARY 

1. Tissue cultures were made of kidney and parotid gland from guinea pig 
embryos and of kidney and intestine from chick embryos. The action of Z- 
ascorbic acid was tested on the growing epithelial sheets. Cultures treated with 
plasma and serum from scorbutic guinea pigs ceased to grow but the epithelial 
sheets did not lose their coherence. Ultimately the cells deteriorated. 

2. The presence of Z-ascorbic acid was found to be non-essential for re-estab- 
lishing the cohesion of epithelial sheets previously separated by the lack of cal- 
cium in the medium. The intercellular cement upon which this cohesion depends 
must, therefore, be of a different order from the interstitial matrices which. 
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Wolbach and others have found, depend upon the presence of ascorbic acid for 
their elaboration. 

3. Tissue cultures of epithelium, washed free of the water-diffusible ingredients 
of the plasma medium and transferred to a buffered salt and glucose solution, 
remained healthy and active only when /-ascorbic acid was present in the 
solution. 

4. The addition of cortical extract cither in the presence or absence of /- 
ascorbic acid exerted no observable effect on the viability of tissue cultures. 
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Convincing indirect evidence in favor of the humoral hypothesis of hyper- 
tension has made it important to measure quantitatively the presence of specific 
vasoconstrictor substances in the circulating blood of hypertensive animals and 
man. For this purpose Page (1, 2) perfused the surviving rabbit’s ear with a 
mixture consisting of equal volumes of Ringcr-Locke solution and defibrinated 
blood from a nephrectomized dog. He found that injecting serum (2) or he- 
parinized plasma (1,2) from a normal dog or human being into the perfused ear 
had little or no effect on the blood vessels of the ear, while serum or heparinized 
plasma from a hypertensive dog or human being was uniformly constrictor. 
Our attempts to use this technique proved difficult chiefly because of immediate, 
and irregularly increasing, vasoconstriction which appeared as soon as the 
diluted, defibrinated blood entered the ear. Moreover, when the constrictor 
activity of blood plasma or serum from hypertensive and normal animals and 
man was assayed, the results were highly inconsistent. 

Many investigators have reported that serum and defibrinated blood constrict 
intensely the vessels of isolated perfused tissues (reviewed by Janeway et al. 
(3) and Amberson (4)). It has been suggested (3) that a constrictor substance 
is liberated by disintegration of platelets in the course of coagulation. It seemed 
possible that defibrinated blood as a perfusing fluid, and serum or plasma as 
samples for assay, might have produced inconsistent results with the rabbit’s 
ear because of varying amounts of powerful vasoconstrictor substances which 
the}: contained by virtue of coagulation. 

Therefore the present study was arranged a, to determine whether defibrinated 
blood per se produced vasoconstriction in the rabbit’s ear; b, to observe whether 
preventing coagulation by large doses of heparin would avoid this constrictor 
action and thereby produce a more physiological preparation, and c, to compare 
under these conditions the vasoconstrictor properties of defibrinated blood, serum 
and heparinized plasma from rabbit, dog and man as a necessary step toward 
using the perfusion method to measure the constrictor activity of blood removed 
from normal and hypertensive animals and man. 

Methods, a. Initial technique. In the first observations, the original 
technique described by Page (1,2,5) was followed. The rabbit’s ear was severed 
rapidly and cleanly with a razor blade and the central artery was immediately 
cannulated by means of a gauge 21 blunted needle, tied in place by a fine liga- 
ture. Within two or three minutes after being severed, the ear was in place 
in the incubator at 39°C. and the perfusion was started. 
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The fluids used for perfusion were a, Ringer-Locke solution buffer ed by phos- 
phate to pH between 7.3 and 7.4, and 6, a mixture consisting of one part of 
defibrinated blood and either one or two parts of Ringer-Lockc solution. De- 
fibrinated blood was prepared by stirring whole blood slowly for 30 minutes with 
several small glass rods rounded at the ends to avoid injuring the corpuscles. 
After dilution with Ringer-Locke solution the defibrinated blood mixture was 
filtered through cotton gauze. Both fluids were prepared immediately before 
use, warmed to 39°C. and placed in suitable flasks in the incubator before the 
ear was severed. 

Intermittent pressure was applied to the surface of both fluids in separate 
reservoirs by compressed air from a valve rotating about 60 times per minute in 
conjunction with a reservoir and leak. This pulsatile perfusion pressure could be 
adjusted between 20/10 and 140/110 mm. Hg. Connections were arranged so 
that transfer from Ringer-Locke solution to defibrinated blood could be made 
without any interruption of flow. 

Immediately after the car was mounted the buffered Ringer-Locke solution was 
first perfused at a pressure of 40/30 mm. Hg or less until rapid and constant flow 
indicated that the initial vasoconstriction due to trauma had disappeared and 
that tlie ear was properly fixed in its final position. Then perfusion by defibri- 
nated blood was started. The perfusion fluid entered the central artery, pas- 
sed through the vessels of the ear and flowed from the cut veins at the base of 
the ear, to be collected in a funnel from which it passed dropwise over the ter- 
minals of an electrical drop recorder. A kymograph record showed time in 
minutes, mean perfusion pressure and the number of drops. Fifteen drops had 
a volume of 1.0 cc. The air within the incubator was kept moist by means of 
filter paper or cotton saturated with water. 

b. Modified technique. Owing to increasing and variable vasoconstriction 
observed with this initial method, heparinized blood was then used in place of 
defibrinated blood. Between 35 and 45 cc. of blood was withdrawn from the 
heart of a rabbit into a 50 cc. syringe containing 1.2 cc. Connaught heparin 
(1000 units per cc.). Blood and heparin were mixed throughly by inverting the 
syringe several times. The heparinized blood was diluted immediately with 
two volumes of Ringer-Locke solution and filtered through cotton gauze. This 
perfusion mixture was also often constrictor, as will be described under “ob- 
servations” and the following modifications were finally adopted, routinely. 
It appears that each factor is essential because omission of any one was followed 
sooner or later by grossly irregular results. 

1 Thorough heparinization. An excess of heparin was used at each step in 
preparing the perfusing fluid to avoid coagulation as completely,, as possible. 
One and five-tenths cubic centimeter of Connaught heparin solution was in- 
jected into the donor rabbit intravenously, fifteen minutes before blood was 
drawn. For rabbits weighing more than 3 kilos, l.S cc. were used. Fifteen 
minutes later, between 40 and 45 cc. of blood were withdrawn by cardiac punc- 
ture into a syringe containing 1.2 cc. of heparin solution and mixed as usual. 
This blood was then diluted immediately with two volumes of warm . Ringer- 
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Locke solution to which heparin solution had previously been added in the 
amount of 0.3 ce. in 100 cc. The mixture was filtered through cotton gauze 
previously saturated with heparinized Ringer-Locke solution and then placed 
in the incubator ready for perfusion. As an additional safeguard during per- 
fusion, 0.3 cc. heparin solution was added at the end of 30 minutes to such blood 
as still remained in the reservoir awaiting perfusion. Blood prepared in this 
way will be called "pre-heparinized blood.” 

2. Oxygen aiul carbon dioxide. A mixture of 95 per cent oxygen and 5 per 
cent carbon dioxide was led to the perfusion flask and was bubbled very slowly 
through the perfusing mixture to keep the erythrocytes from settling in the 
reservoir and to approach normal gaseous equilibrium. 

3. Precautions against cooling. For dependable results it proved necessary 
to make all injections without opening the incubator. This was accomplished 
by piercing the rubber tube, which led the perfusion fluid to the ear, with a 
minute T-cannula consisting of a gauge 20 needle with gauge 20 side-arms. 
Rubber tubing with 0.5 mm. bore was passed from these two side-aims to the 
^outside of the incubator through the wall. To one of these tubes was connected 
'the syringe for making injections while the other was closed with a clamp. 
.Prior to each injection the clamp was opened and the solution to be tested was 
washed from the syringe through one rubber tube past the base of the T-can- 
.nula, and out through the other rubber tube. The solution having thus been 
brought to the base of the T-cannula, the clamp was closed and exact volumes 
(■could be injected into the perfusion fluid from outside the incubator without 
chilling the ear. 

4. Careful cleansing. According to Janeway (3) the powerful constrictor 
substance produced in the course of coagulation of blood is destroyed by alkali 
and dissolved by alcohol. Therefore, after each experiment, all glassware and 
tubing were completely dismantled and not only thoroughly washed with soap 
and water but soaked at least ten minutes, and preferably an hour, in 95 per 
cent alcohol to remove any vasoconstrictor material produced by traces of blood 
left in the tubing or its joints. All syringes and needles were cleansed similarly. 

At intervals, also, all parts were boiled in saturated sodium bicarbonate solution. 
After each cleansing, fresh Ringer-Locke solution was washed through the entire 
apparatus in large quantities. 

Observations. 1. Comparative effects of defibrinaled, heparinized, and “pre- 
heparinized ” blood on vascular tone in the rabbit’s car. The differences in the 
vasoconstrictor activity of three types of shed blood are illustrated in figure 1. 

In these observations the ear was perfused as usual with Ringer-Locke solution 
for 5 or more minutes until the rate of dropping was rapid and constant (not 
shown in fig. 1). At zero time the perfusion with Ringer-Locke solution was 
stopped and the blood mixture began entering the ear. The rate of dropping 
was observed for 60 minutes or until perfusion was practically stopped by tight 
vasoconstriction. Perfusing pressure remained constant throughout so that 
decrease in drop rate indicated constriction. 

When defibrinated blood entered the ear at a pressure of 40/30 mm. Hg, the 
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v hole ear became pink but almost immediately turned pearfy white as vaso- 
constriction reduced the rate of flow almost to zero. The cessation of flow was 
sudden enough to suggest mechanical obstruction by thrombi. That this was 
not the case was demonstrated by perfusing alternately with defibrinated blood 
and with Ringer-Locke solution. For three ears, Ringer-Locke solution at a 
pressure of 40/30 mm. Hg flowed initially at rates between 38 and 45 drops per 
minute. Changing to defibrinated rabbit’s blood reduced the perfusion rate 
within two minutes to between 1 and 3 drops per minute. Returning to Ringer- 
Locke solution re-established perfusion at rates between 35 and 45 drops per 
minute but complete recovery required 10 minutes. A second and third shift 
to defibrinated rabbit’s blood again reduced the drop rate to between 0 and 2 



Fig 1 Effect of perfusion by defibrinated blood, heparinized blood and “pre-heparinized 
blood’’ on the lone of the vessels of the rabbit’s ear. To right is shown effect of cooling 
the ear. 


drops per minute after which return to Ringer-Locke solution after about 10 
minutes restored the original perfusion rate. This repeated reversibility in- 
dicates that slowing of flow was due to constriction rather than to mechanical 

obstruction by thrombi. 

As shown in figure 1, when perfusion was performed with heparinized blood, 
the rate of flow decreased somewhat at the very beginning as would be expected 
because of the greater viscosity of the blood mixture as compared to Rmger- 
Locke solution. Thereafter for ten to twenty minutes a fairly adequate per- 
fusion rate was observed and the ear looked generally pink and healthy. 
Shortly, however, the perfusion rate began to fall more or less regularly. The 
central artery and veins gradually became smallei until finally the ear was 
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pearly white, perfusion rate was low and the end result resembled that produced 
much more rapidly at these low pressures by defibrinated blood. 

In contrast to these mixtures “pre-heparinized blood” (solid line, fig. 1) 
produced the usual preliminary drop in perfusion rate due to change in viscosity 
of the perfusing fluid, but the ear remained pink, and the central artery and 
maiginal veins stayed moderately dilated. Moreover, the perfusion rate re- 
mained 1 datively high and constant at 12 to 20 drops per minute with perfusing 
pressures not above 40/30 mm. Iig. 

Rabbit’s ears perfused at low pressure with “pre-heparinized blood” proved 
to be extremely sensitive to minute changes in temperature. If the incubator 
doorwas opened briefly, a fall of 3 or 4°C. in air temperature oftenproduced a 50 to 
80 per cent drop in pez-fusion rate lasting from 4 to 6 minutes, as shown to the 
right in figure 1. When control injections of Ringer-Locke solution were made 
b} r opening the incubator door there usually followed a constriction which was 
due not to the fluid injected, but to coincident cooling. Avoiding this artefact 
is highly important in assays of constrictor action. 

In early attempts to apply the method of Page (1, 5) to the assay of con- 
strictor substances in human or dog blood many types of perfusion mixtures, 
containing serum, plasma, or washed cells, were tested. Results similar to those 
for defibrinated rabbit’s blood were obtained with rabbit serum, defibi’inated 
dog’s blood, and with some samples of heparinized blood from either dogs or 
rabbits. Results more or less similar to those for heparinized rabbit’s blood 
were observed with most samples of heparinized dog’s blood, washed rabbit or 
dog erythrocytes resuspended in Ringer-Locke solution or with quickly separated 
plasma from heparinized dog’s or rabbit’s blood. To obtain a drop rate of 15 
per min. pressures of 50/30 up to 125/100 were often necessary, indicating greatly 
increased tone due to the perfusing fluid itself. Defibrinated blood, hepaiinized 
blood and heparinized plasma obtained from rabbits or dogs nephrectomized 24 
or 48 hours previously yielded results similar to those obtained with blood from 
normal animals. 

These observations all indicated that, as in other isolated tissues (4), the per- 
fusion of the isolated rabbit’s ear with defibrinated or simple heparinized blood 
is accompanied by vasoconstriction. To avoid this effect it is essential to guard 
against coagulation at every step. To determine to what extent this error might 
interfere with the assa 3 r of pressor substances of renal or other origin in the cir- 
culating blood, various types of blood samples from rabbit, dog and man were 
tested for their constrictor activity- by injecting small volumes such as are used 
for assay. 

2. Vasoconstrictor effects of s)nall amounts of shed blood or its fractions. In 
these observations the ear was perfused at low pressure with “pre-hepai'inized 
blood. After a suitable control period, usually 5 to 10 minutes, 0.2 cc. of shed 
blood or its fractions was injected through the T-cannula into the per fusion 
mixture as it passed thi'ough the rubber tubing immediately before entering the 
central artery of the ear. Rabbit’s blood was used in this series of experiments 
to, eliminate effects due to species differences. Perfusion pressure was kept con- 
stant throughout each experiment. 
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Figure 2 illustrates typical results of numerous observations of this kind. The 
constriction produced bj r simple cooling of the ear is shown in figure 2A. Con- 
trol injections of Ringer-Locke solution (fig. 2B) had no effect on perfusion rate 
providing the injections were made from outside the incubator. Full strength 
Connaught heparin solution, as supplied in ampules commercially, did not af- 
fect vascular tone when it was injected alone in volumes of 0.2 (fig. 2C) or even 
0.6 cc. Defibrinated rabbit’s blood produced immediate and complete eonstric- 



Fig. 2. Effect of cooling, heparin, and of certain types of shed blood on the tone of the 
vessels of the rabbit’s ear. 


tion (fig. 2D) which lasted at least 7 or move minutes in 6 observations. Hepa- 
rin, 0.5 cc., w T as then added to 10 cc. of defibrinated blood and the mixture was 
incubated for 30 to 45 minutes without affecting the intense constriction pro- 
duced by injecting 0.2 cc. (fig- 2E). This indicates first, that once vasocon- 
strictor substance had been released by coagulation, heparin did not neutralize 
or destroy it, and second, that heparin per se had no detectable dilator effect 
under these conditions. Blood serum (fig. 2F) also produced complete con- 
striction and cessation of flow. Both defibrinated blood and serum, changed the 
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color of the ear from the normal pink to waxy white as the previously dilated 
arteries and veins narrowed and then became imperceptible. 

Heparinized whole blood, i.e., blood drawn from the heart of a normal rabbit 
into a syringe containing heparin, was slightly constrictor (fig. 2, G and H) 
‘ in almost every instance. "Pre-heparinization” of the donor rabbit diminished 
still further the development of constrictor activity in whole blood in that, doses 
of 0.2 cc. had very slight or no effect on perfusion rate (fig. 2, 1 and J). 

Constrictor activity was least in plasma separated immediately after the blood 
was withdrawn from the heart of a normal or a heparinized rabbit (fig. 2, K and 
L). In preparing this “heparinized plasma” (fig. 2K) and "pre-heparinized 
plasma” (fig. 2L), blood from the heart of a normal or heparinized rabbit re- 
spectively was drawn into a syringe containing the usual 1.2 cc. of heparin solu- 
tion. After mixing, the blood was rotated in plastic (Lusteroid) tubes in an angle 
centrifuge at high speed for 5 minutes. The upper layer of plasma was decanted 
into another tube and centrifuged again for 10 minutes. This was decanted and 
placed in the incubator for injection. As shown in figure 2K and L, constrictor 
substances were usually absent. If Jane way’s suggestion that disruption of 
platelets is responsible for the vasoconstrictor activity is correct, it would be 
expected that this quickly separated, and doubly centrifuged, plasma would 
have least effect on the tone of the perfused vessels because most of the platelets 
are separated from the plasma before there is opportunity for gradual disin- 
tegration. 

3. Quantitative comparison of the constrictor activity of samples of rabbit’s blood 
collected in various ivays. Tull curves for rabbit’s serum, heparinized blood and 
plasma from heparinized blood are shown in figure 3. After injection, flow 
quickly reached a minimum followed by gradual recovery. Perfusion pressure 
remaining constant, the total constrictor effect is indicated by the degree to 
which rate of flow is diminished and by the time required for flow to return to 
the control level. The scale for charting was always one inch for 10 minutes 
and one inch for ten drops. Rates of flow were kept as closely as possible be- 
tween 10 and 15 drops per minute by adjusting pressure between 26/16 and 40/30 
mm. Hg at the veiy beginning of each experiment and the pressure was kept 
constant thereafter for each ear. 

Under these conditions the whole effect of a given injection can be expressed 
most simply by measuring the area enclosed between the observed rate of flow 
(solid lines, fig. 3) and the expected rate of flow without injection (dotted lines, 
fig. 3). Errors in this schematic method of expressing constrictor activity were 
relatively unimportant compared to the magnitude of the observed differences 
which were quite obvious to simple inspection of the original charts. Thus in 
figure 3 the greatest constrictor effects produced by plasma from heparinized 
blood and by heparinized whole blood were clearly much less than the smallest 
constrictor effect produced by serum in like dosage. The areas given in table 
1 are used to avoid publishing many figures of the curves themselves. 

Table 1 shows the average effects of control injections (Ringer-Locke solution) 
and of variously prepared samples of blood. The average intensity and duration 
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-of constriction is indicated to the left while the last column to the right, .gives 
the average area of the curves showing change in flow of perfusate. The negative 
sign shows that the sample produced constriction and reduced flow;, the. figures 
in parentheses indicate the range of variation. 

Control injections of Ringer-Locke solution had no effect. Defibrinated 
blood and serum were uniformly highly constrictor. It seemed, possible that if 
. blood were removed from the donor rabbit without using any anticoagulant and 



TIME -MINUTES 

Fig. 3. Complete curves of flow showing effect of 0.2 cc. of rabbit serum, heparinized 
whole blood and plasma from heparinized blood on flow through the vessels of the rabbit’s 
ear. Also shown is method of computing constrictor effect by area. For serum, 1.46 sq. 
in. was the smallest, area observed while for heparinized blood and plasma, respectively, 
0.26 and 0.09 sq. in. were the greatest areas observed. 

injected "within, one minute or less, constrictor action might be avoided because 
in this brief period the blood remained fluid and did not have time. to coagulate. 
As shown in table 1 the intensity and duration of constriction were greatly re- 
duced but the areas of the curves , were too variable to permit accepting this 
method as a dependable one for assay purposes. Samples of heparinized and 
pre-heparinized whole blood, even after standing in the incubator for one hour, 
•were approximately one-tenth as constrictor as serum and roughly one-half as 
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constrictor as whole blood injected immediately. The variations were still 
marked. 

On the contrary, samples of plasma separated rapidly by centrifugation from 
heparinized or “pre-heparinized” blood were usually inert and only occasionally 
very slightly constrictor. The greatest areas observed with these samples of 
plasma were 0.00 and 0.02 sq. in. respectively and represent changes of doubtful 
significance because control curves may show variations of this grade. The 

TABLE 1 


Effects of 0.2 cc. injections of rabbit's whole blood, scrum and plasma on vascular tone in the 
rabbit’s car perfused with “pre-heparinized” rabbit's blood 


1 

2 

3 

4 

j S 

6 


NUM- 
BER OF 
INJEC- 
TIONS 

AVERAGE 
RATE OF 
FLOW, 
CONTROL 
PERIOD 

MAXIMAL 
REDUCTION 
OF FLOW 
AFTER 
INJECTION 

AVERAGE 
TIME FOR 
FLOW TO 
RETURN TO 
NORMAL 

AREA OF 
DECREASED 
FLOW 

CURVE 



drops per 
min. 

per cent 

mins . 

sq. in. 

Control injections Ringer-Locke soln. . 

5 


0 

0 

0.00 

Defibrinnted blood 

G 


100 

9* 

— 1.61* 



(1.05-2.66) 

Serum 

5 

ii 

9S 

2S 

j -1.95 

Whole blood injected within one 


(1.46-3. So) 

minute 

17 

13 

52 

G 

-0.25 


(0.00-0. SI) 

Heparinized whole blood 


11 

43 

5 

-0.14 



(0.00-0.26) 

“Pre-heparinized” whole blood 

H 

12 

42 

5 

-0.15 


(0.00-0.39) 

Plasma from heparinized blood 


14 

9 

2 

-0.04 





(0.00-0.09) 

Plasma from “preheparinized” blood . . 

6 

14 

1 

0.3 

-0.01 

(0.00-0.02) 


* Minimum figure since recovery had not even started when the observations were 
terminated at 7 to 11 minutes. For serum and all other blood samples areas are based 
on the entire curve, continued until the control rate of flow returned. 


average areas for heparinized and “pre-heparinized” plasmas were even smaller, 
0.04 and 0.02 sq. in. respectively. 

It seems clear that “pre-heparinized”, quickly separated plasma has less 
constrictor activity than any other type of blood sample from the rabbit. Pre- 
heparinization is expensive and, for man, impracticable. Quickly separated, 
heparinized plasma is almost as inert and therefore observations on these samples 
were extended to the dog and man. 

■ 4. Comparison of constrictor activity of dcfibrinaled blood, scrum and quickly 
separated heparinized, plasma from rabbit, dog and man. To ascertain the ap- 
plicability of the rabbit's ear technique for the study of bloods of other species 
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the comparison in table 2 was made. Blood was removed from superficial 
veins of dogs or man and then treated as described above. It is obvious that 
defibrinated blood and serum of all three species are highly constrictor and that 
heparinized plasma is almost inert. In the experiments with dog plasma, 4 
injections of heparinized plasma from a single animal were slightly constrictor 
on one day, but the next day, technique being presumably identical, a second 
sample of heparinized plasma was entirely inert in 4 injections. The reason for 
this difference is not clear, though probably due to early and slight coagulation. 
Even when this observation is included the average constrictor action of dog’s 
heparinized plasma is only one-twentieth that of serum. 

TABLE 2 


Comparison of effects of defibrinated blood, serum and heparinized plasma from rabbit , 

dog and man 


! 

BABBIT 

DOG 

MAH 

Defibrinated blood 

No. obs 

I 

6 

9 

9 

Constr. off. in sq. in 

-1.61* 

-3.48 

-1.60 

Serum ' 

No. obs 

5 

7 

11 

Constr. eff. in sq. in 

-1.95 

-5.05 

-3.83 

Heparinized plasma 

No. obs ; 

4 

19 

16 

Constr eff. in sq. in 

-0.04 

-0.24t 

(-0.01) 

-0.07 



* See footnote, table 1. 

t Including one divergent experiment. Figures in parentheses show result when this 
one experiment is excluded. 


Discussion. To perfuse isolated tissues or organs under optimal physiolog- 
ical conditions requires the use of oxygenated blood under pulsating pressure. 
Yet practically all investigators have found that shed blood after a short time 
induces an intense vasoconstriction which has been lessened by inserting the 
lung (6, 7, 8, 9, 10), liver or spleen (11) into the perfusion circuit, or by adding 
ergotoxine to the perfusate (7, 11). Such methods are not suitable for assay of 
pressor substances because of complicated technique and partial effectiveness 
in the first instance and because of transient pressor action of ergotoxine itself 
in the second instance. The hypothesis that defibrinated blood flows with great 
difficulty owing to mechanical block by coagulated particles (12) has been dis- 
posed of by Bayliss and Ogden (7) who found that filtration through cambric 
did not ensure rapid flow and. by Janeway (3) who described a diffusible, heat 
stable constrictor substance arising from platelets. Moreover, as observed in the 
present studies, perfusion of the ear alternately by defibrinated blood and Ringer- 
Locke solution showed that flow, though stopped completely, would return to 
normal repeatedly when the defibrinated blood was washed out of the ear. Tins 
could not occur if mechanical block were an important factor. 
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Constriction of isolated arterial strips or of vessels in situ has been produced 
by defibrinated blood, by serum (3, G, 7) and by blood made incoagulable with 
oxalate, citrate, hirudin (3) or heparin (7). Janeway (3) concluded that un- 
coagulated blood, while circulating in the intact animal, is not constrictor but 
that immediately after it is removed from the circulation, and before it becomes 
thoroughly mixed with the anticoagulant solution, a powerful constrictor sub- 
stance appears. In agreement with tliis concept, the perfusion of the rabbit’s 
ear with defibrinated blood produced striking vasoconstriction and unphysio- 
logicallv slow rates of flow even at high pressures. Page’s results, though pres- 
sures are not given for individual perfusions, also seem to agree until this con- 
clusion. At perfusion pressures of 140/110 mm. Ilg with recirculation the 
tabulated rates of flow ranged from 18 to 42 drops per minute (6). In a later 
paper (2) with pressures of 00/40 to 80/60 mm. Hg rates ranged from 9 to 29 
drops per minute. In a third series (1) pressure was not specified and the rate 
of flow ranged from 3 to 30 drops per minute. 

For the rabbit’s car simple heparinization of whole blood reduced, but did 
not abolish uniformly, this progressive vasoconstriction in agreement with 
Bayliss and Ogden (7) who found “vasotonins” in heparinized blood. Finally 
with “pre-heparinization” perfusion rates ranged from 8 to 42 drops per minute 
at pressures of 40/30 to 20/1 S mm. Hg. Equally important was the greater 
constancy of flow in any one preparation over the usual period of one to three 
hours. If additional donor rabbits were sacrificed, it was possible to continue 
perfusion for even longer periods without edema and without lessened response 
to 1: 1,000,000 epinephrine. However, since 0.2 cc. of “pre-heparinized” whole 
blood sometimes produced slight but definite vasoconstriction (table 1) this 
perfusion medium is still not absolutely physiological, though far superior to 
defibrinated blood. 

It is possible that smaller amounts of heparin would have sufficed but a large 
excess was used because of the nature of heparin’s action (13) and because 
amounts much greater than those used routinely in perfusion had no effects 
upon the tone of either dilated or constricted vessels. The minute amount of 
phenol contained in liquid heparin as a preservative did not affect the results 
because pure heparin powder (Connaught) dissolved in salt solution and used in 
similar unitage was quite as effective. Another commercial heparin, Liquaemin- 
Roche, was tested but its anticoagulant activity per unit volume was far less 
and its action was correspondingly less dependable. 

Dicoumarin 1 , or 3,3'-methylenebis-4-hydroxycoumarin, given orally to 10 
rabbits for 3 days in doses of 100, 50 and 50 mgm. reduced the vasoconstrictor 
activity of their shed blood almost as effectively as did “pre-heparinization.” 

It seems likely that the effects of heparin on constrictor activity are due to 
arrest , of coagulation at an early stage, rather than to any specific action of 
heparin per se. 

.The minimal constrictor actmty of heparinized or “pre-heparinized” plasma 
and the marked constriction produced by serum differ radically from the results 

1 Dicoumarin was supplied by courtesy of Abbott Laboratories. 



VASOCONSTRICTOR ACTION OF SHED BLOOD 


37 


of Page (2) who found that serum and plasma of normal or of hypertensive dogs 
were equally inert when injected into a rabbit’s ear perfused with Ringer’s 
solution or with defibrinated blood from a normal dog, while serum and plasma 
of hypertensive dogs or man were both constrictor when injected into an ear 
perfused with defibrinated blood from a nephrectomized dog. No explanation 
of this discrepancy can be offered from our observations. 2 

Preliminary studies in which the rabbit’s ear was perfused with “pre-he- 
parinized” rabbit’s blood indicate the quantitative significance of constrictor 
substances from coagulation in assays of circulating constrictor substances by 
perfusion methods. For a given volume of blood the constrictor activity that 
appears in the course of coagulation is several times greater than that which can 
be produced by mixing the same volume of blood with an excess of renin which 
transforms all the available renin activator into the constrictor substance called 
angiotonin by Page (1). Under these circumstances it appears extremely im- 
portant to exclude artefacts due to early coagulation whenever the amount of 
constrictor substance in the circulating blood is measured by injecting samples 
of shed blood into an isolated perfused tissue. 

CONCLUSIONS 

In agreement with previous workers who used other tissues, it was found 
that defibrinated blood as a perfusion fluid induces marked vasoconstriction in 
the surviving ear of the rabbit. Heparinized blood was moderate^ constrictor. 

Perfusion of the rabbit’s ear could be accomplished with less progressive con- 
striction by injecting heparin. into the donor rabbit to arrest coagulation at an 
early stage before the blood was withdrawn. Precautions against cooling of the 
ear were also essential for consistent results. 

Small amounts, 0.2 cc., of defibrinated blood and serum from normal rabbits, 
dogs and human beings induce marked constriction. Heparinized or “pre- 
heparinized” whole blood is much less constrictor but still too variable to be use- 
ful in assays. 

Plasma rapidty separated from heparinized or “pre-heparinized” blood of 
normal rabbits, dogs and human beings has little or no vasoconstrictor activity. 

These studies emphasize the importance of excluding coagulation when the 
rabbit’s ear method is used to detect constrictor substances of renal or other 
origin in the circulating blood. 

For technical assistance we are indebted to Mr. Herman Goslyn and to Mr. 
J. E. Wood, III. 

2 Page (14) in a letter dated January 7, 1943 enclosed the following comment to be added 
as a footnote: “Our method was originally designed to avoid the occurrence of vasocon- 
strictor substances resulting from coagulation of the blood. Hence my statement in a 
recent article (2) that serum and plasma can be used interchangeably is completeb' errone- 
ous. This is the only time that the error has occurred so far as I can find. I confess that 
I am as puzzled as Dr. Landis as to why the mistake occurred and can account for it only 
on the basis of a careless misstatement.” 
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Intake of water is a discontinuous process; in contrast to output of water which 
is continuous, and ordinarily almost constant in rate from minute to minute. 
The discontinuity suggests that- the water content of the body periodically be- 
comes sensibty unbalanced, whereas the act of water drinking restores the body 
and relieves at once the maladjustment of content. What sort of signal initiates 
water drinking in hourly life? How regular are the periods at which it operates? 
What sorts of factors modify the periods? 

One of nine trained dogs was put in a stall suspended from a Sauter balance. 
Most observations were made upon two females with exteriorized bladders. In 
periods of 0.25 hour the insensible loss of weight was ascertained. Urinaiy loss 
was found by measuring the urine collected from the exteriorized bladder each 
0.25 hour. In most periods, drinking water was available in a can just in front 
of the dog. Whenever the dog took water, the can and its contents were re- 
weighed. Room temperatures lay between 22° and 26°C. and relative humidities 
between 30 and 50 per cent. 

In some tests the dog did not merely stand in the stall loosely confined, but 
heat was applied or food was given. Heat w r as added to the body by two 
radiators placed laterally at constant position and intensity. The intensity was 
chosen such that the dog did not fidget. Food consisted of dried whole milk and 
fox chow, usually mixed with an equal weight of water. The dog swallowed at 
once all of the food offered. On most days the food allowed each 24 hours was 
constant, the amount being sufficient for maintenance of body weight. 

The Sauter balance was used in such a manner that exact equilibrium between 
its two sides was not required. One minute before the dog’s weight was to be 
ascertained, the balance was allowed to suing, with approximately correct 
weights in the pan. The midpoints of the free swings just before and just after 
zero time were averaged; and since the deflection per gram had been previously 
ascertained with the same dead loads on the balance, the weights in the pan could 
be corrected, to give an accuracy of weighing of 0.2 gram. Actually onh r the 
nearest 0.5 gram differences were ascertained, since these gave 6 per cent ac- 
curacy per 1-hour period at the slowest rate of insensible loss. 

In each test the dog had been fed 16 hours previously and had been allowed 
water ad libitum. In addition, the dog was offered water upon coming to the 
stall; if it drank some, drinking to satisfaction was allowed and the test was 
started ; but if it drank none, the dog was not considered to be in a reproducible 
state of water balance and no test was run upon it that day. 

A. Control. When water was continuously available, rates of water loss be- 
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came stabilized about 1 hour after the dog was first weighed (fig. 1). In this 
period the animal “calmed down” and slight diuresis resulted from the water 
spontaneously drunk at zero time. 

Water was voluntarily drunk in only one instance during ten control tests 
that lasted 2 hours, in which time 0.35 per cent of the body weight (Bo) had been 
lost (A, fig. 2). In the one instance 0.29 per cent of Bo was drunk at 1.6 hours, 
just restoring the body weight. In two tests that lasted 4 hours, water was 
taken once at 3.7 hours to the amount of 0.40 per cent of B 0 . During the 4 hours 
0.60 per cent of B 0 had been lost. 



Fig. 1. Rates of water loss from a dog standing in stall. A, mean of two control tests. 
C, mean of three tests in which radiant heat was applied for 1 hour. 

Fig. 2. Deficits of body weight of dogs, in per cent, of initial weight, in various tests 
mentioned in the text. Vertical lines indicate water voluntarily drunk. In tests A and C 
water was always available; in other tests it was allowed after the arrows. A a , control for 
2 hours; Ab, control for 4hours. B, water not allowed for 3 hours. C, control for 2 hours, 
then heated for 1 hour. D, control for 2 hours, then water not allowed for It hours while 
heated in third hour. E, water not allowed for 1 hour while heated. Fractions, 1/10, 
5/6, etc., indicate number of tests in which water was drunk out of the total tests. 

The pattern of ordinary drinking is plain. The dog does not sip water at 
frequent intervals even though the water is immediate^ available, but waits 
some hours between drafts. The draft when taken is not sufficient to restore 
body weight, but may be considered sufficient to restore water content relative 
to the body’s content of other substances. 

B. No water; later allowed. When water was not allowed during the first 3 
hours, weight was lost as before. Then water was placed before the dog, and in 
four of eight tests water was drunk within a few minutes. The amounts ingested 
varied only between 0.18 and 0.38 per cent of B 0 , 0.50 per cent of B 0 having been 
lost. Comparison with the previous result possibly indicates that lack of avail- 
ability of water tends to induce drinking more frequently when later the water 
is allowed. But in no case is the amount drunk sufficient to restore body weight. 
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On the average a loss of weight equal to 0.5 per cent of B 0 is required before 
drinking supervenes. 

C. Control, then heat. In these four tests, water was available at all times. 
After 2 hours of control conditions, heat was applied for 1 hour, the rate of weight 
loss being greatly accelerated. In the last half of this hour, water was drunk in 
every instance, and in amounts not sufficient to restore the body weight. Again, 
0.5 per cent of B 0 had been lost before drinking occurred (C, fig. 2). 

Rectal temperatures fell during the control hours, rose about 0.8°C. during 
the heating, and fell during 1.3 hours thereafter. The drinking was not clearly 
related to any particular rise of body temperature. 

D. Heat; water later. The same form of test was modified by denying the dog 
water during the heating and for 0.5 hour thereafter. Would the fact that 
heat no longer impinged on the body lessen the urge to take water? The answer 
was that just as much water was drunk as in C, in the four tests. Therefore, the 
heat does not exert its influence only immediately, but also latently. Altogether, 
heating was scarcety more efficacious than non-heating in induction of water 
ingestion, at the same deficit of body weight. 

E. Initial heat ; water later. Water was denied after the initial drink of the 
day. Without a previous control period, heat was applied for one hour (E, 
fig. 2). Then water was allowed, and in five of six tests was drunk within 0.5 
hour. In this series 0.5 per cent of Bo had been lost in 1 hour instead of 3 hours; 
no more water was taken here than there. It appears that time is a negligible 
variable; the amount of water missing from the body is the factor in common. 

Summary. Dogs placed under control conditions with minimal plrysical 
activities, gradually lost weight by evaporation and by urine formation. Peri- 
odically these losses were partially made up by drinking. Drinking rarely 
occurred before 0.5 per cent of Bo had been lost, and was insufficient to restore 
body weight. It occurred somewhat more surely when water had been previ- 
ously denied the dog, and when the loss had been hastened by heating. The 
heating may have been over and gone before water was offered, yet drinking 
occurred more freely. The chief factor in inducing drinking appears to be the 
lack of body water and not the time that intervened during its loss. 

F. Control with food. It is shown above that dogs which were fed many hours 
ago drink little water. This fact has long been recognized in that dogs drink 
only yo to as much water upon days when food is withheld as upon days of 
usual feeding. 

In order to study the effects of eating upon drinking, food as well as water was 
given ad libitum at all hours. A popular notion is that dogs cannot be permitted 
unlimited food; the regime, however, proved satisfactoiy. The dogs ate some- 
what more than was required for maintenance of weight, gaining about 0.5 per 
cent of Bo per day on the average. 

In these tests (32 days) two dogs remained in metabolism cages. All food and, 
water present were automatically registered. Water level in the drinking pan 
was recorded as previously described (Adolph, 1939). Dry food was kept in a 
pan suspended from a spring within the dog’s cage; a string from the pan to a 
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lever indicated the length of the spring and consequently the weight of the food 
remaining. 

The food was taken in about five meals per day. No fixed hours were evident 
for these meals; but more than average occurred in late afternoon when the dogs 
were accustomed to being fed, and very few occurred late at night. Only rarely 
was food merely tasted; instead, eating continued for 5 minutes or more and a 
mode of 0.1S per cent of Bo was swallowed at each occasion. Water was rarely 
drunk between bites, but usually was taken only after eating was finished, when 
modally 0.38 per cent of B 0 was ingested within 10 minutes. The pattern of 
water drinking therefore shadowed that of eating. Body weight was fully 
restored at most meal times. Hence, the periodic taking of food with water 
eliminated the trend of decrease in body weight that prevailed in -the absence of 
food. Instead, ingestions, which voluntarily occurred every 4 to 6 hours, re- 
stored body weight and made.it oscillate about a gradual upward trend. 

G. Food at stated intervals. The relation of food intake to drinking was 
studied further by allowing portions of food at fixed intervals. Whereas the 



Fig. 3. Excesses of body weight of dogs, in per cent of initial weight, in tests G in which 
food was periodically given. The weight of food allowed is indicated by thickened lines; 
all other gains of weight were due to ingestion of water while losses were simultaneously 
proceeding at 0.0S to 0.20 per cent of Bo per hour. 

whole amount of food had been given (iri parts A to E) at 4 p.m., the amount was 
now divided into portions proportional to the period of time before the next meal. 

(a) The dog was kept in the stall for 6 hours, having received f of the ration 
18 hours previously. In four tests the remaining j of the food was mixed with 
an equal weight of water and given at once. On the average the dog drank 
water in each subsequent half-hour, and body weight increased further for 2 
hours and then gradually declined (a, fig. 3). During the decline water was 
occasionally dr unk in each test, but not in amounts sufficient to compensate the 
simultaneous losses. 

This experiment indicates that the periodicities of body weight were chiefly 
controlled by the periodicities with which food was spontaneously taken by the 
■dog. Although some water was drunk without food, more water was taken at 

each draft when food had preceded it. 

(b) In three tests, y of the food was given dry at the beginning of the test, 
and y of it 3 hours later. Body weight increased with each meal, partly because 
water was ingested soon after it. Thus body weight oscillated in shorter periods. 
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(c) Finally, in four tests, of the dry food was given each hour for 6 hours. 
Water was then drunk every hour, usually within 5 minutes after food was 
swallowed, and correspondingly body weight steadily increased (c, fig. 3). 
Somewhat more urine was produced in these tests. 

Summary. It is evident that the pattern of food ingestion may dictate the 
pattern of water ingestion. The periods between water ingestion could be ren- 
dered so small that body weight increased steadily rather than in 6-hourly or in 
24-hourly periods. Food ingestion obviated the rule that loss of weight preceded 
drinking. Rather, the proportion of solids to water within the body was modi- 
fied by addition of the food instead of depletion of the water. 

Comment. Drinking is a means of periodically restoring body water content. 
Previously (Adolph, 1939) it was found that the amounts drunk by the dog were 
equal to the amounts of water earlier lost from the body during water privation 
(which could be induced in one to several days while dry food was eaten). Now 
it is found that the smallest amount of water loss to which the dog usualfy re- 
sponds is 0.5 per cent of the body weight. Not the time elapsed (which could 
be much reduced by heating the dog), but the shortage of water itself appears to 
set off ordinary drinking. And not the absolute amount of water but the decre- 
ment in the proportion of water to other bodily constituents (which could be 
varied by feeding the dog) seems to arouse the drinking. 

These relations naturally result in the observed pattern of water ingestion of 
the dog. Ordinarily processes of anabolism and catabolism are producing slow 
changes in the proportions of bodily constituents. Whenever water is out of 
ratio by about —0.5 per cent of its usual content, a draft of it is taken, in 
approximately that amount. Usually less water is taken than has been lost 
since the last drink or meal. 

This generalization pictures water content as continually in deficit. But 
since there is no base line from which to judge deficit other than the usual content 
of water in the bod}’, it is mereh' for convenience of reference that water balance 
in these tests was considered to lie at the body weight of the dog that had just 
drunk water ad libitum. Obviously, too, body weight is but a rough criterion of 
water balance, since addition to the body of food and water in particular pro- 
portions increases the weight without destroying the immediate balance. 

It was found that water was usually drunk a few minutes after dry food was 
eaten. Since the reverse rarely occurred, some support could be deduced for 
the notion that eating sets off drinking. If so, what releases the act of eating? 
With food continuously available, some cumulative influence periodically takes 
effect. To call that influence either hunger or appetite does not help to under- 
stand it. It is related to certain or all of the bodily deficits that gradually 
develop to some critical value before the trigger to eating is released. 

The important point here is, however, that if the dog’s five meals a day are 
stopped by deprivation of food, drinking that ordinarily follows each meal goes 
on just the same. The amounts drank are reduced, but the same number of 
drafts are taken per day. Hence the pattern of drinking is demonstrated to 
exist independently of eating, though ordinarily the two work together in one 
sequence. The fact that some water is drank during the deprivation of food 
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may indicate that water, lost by the quiet dog is in excess of the body water 
liberated from its connection with catabolized constituents of the body. The 
constancy of urinary composition opposes the view that much water is drunk 
in excess of needs under any circumstances. 

While the above rules held for the dogs studied in the laboratory, it is quite 
probable that deviations from these rules with respect to certain details will be 
found in other individuals, and particularly in individuals not conditioned to 
laboratory existence. 

The sensitivity of the dog to the deficit of water which leads to drinking is such 
that on the average the dog drinks when 0.5 per cent of the body weight has been 
lost. Whatever sense organs or nerves are sensitive to want of water, and initiate 
sensations of thirst, themselves set in motion the response of drinking at this 
deficit of water. The result is an oscillation of water content of the body through 
sudden periodic intakes. But if food were supplied continuous^ at a rate equal 
to catabolism, the fluctuations to either side of the mean would be expected to 
amount to only 0.25 per cent of the body weight. 

It is noted that the dog does not take its water in as continuously as the frog 
does. No terrestrial animal does so. It is appropriate to point out that inter- 
mittency of an activity allows successions of activities that cannot be carried on 
simultaneously. With respect to water, the dog is able to spend 99 per cent of 
its time away from water, providing that water can be reached at appropriate 
intervals. An animal as large as the dog is able, in absence of marked physical 
activity, to be away from water for 4 to 6 hours without change of more than 1 
per cent in its water content. Hence body fluids and cells are kept approxi- 
mately that constant in composition in spite of the intermittent character of 
intakes of water and food. 

The picture that- we derive from the above observations is that 1, the state of 
water balance is continually changing in relation to body weight, according as 
other metabolic processes are active; 2, change in rates of catabolism or sudden 
addition of food or solute to the body shifts the state of water balance accord- 
ingly; 3, the actual content oscillates about the virtual content at which water is 
balanced; 4, the period of this oscillation varies with rates of water exchange; 
but 5, the amplitude of this oscillation is ordinarily quite constant, through the 
fact that the dog drinks whenever the deficit of water is great enough to arouse an 
effective thirst. Many details remain to be added to this general statement. 

SUMMARY 

The conditions of water loss and of food gain were varied while spontaneous 
drinking was observed in dogs. The signal that initiates water drinking in 
ordinary life appears to be a deficit of water relative to other bodily components. 
Whenever the body is depleted of water by about 0.5 per cent of the body weight, 
water is drunk. The amount drunk is accurately proportioned to the body’s 
water deficit at each draft, though no absorption of water has time to occur before 
drinking ceases. Body weight is only a rough criterion of water balance, even 
under restricted circumstances, since addition of food and loss of catabolic 
products complicate its relations. 
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It seems fairly well established that the clasmobranch heart is not supplied 
with sympathetic nerve fibers. Lutz (1930a) has reviewed and confirmed the 
evidence for this view. Since the heart appears to be exclusively under vagus 
control, the isolated sinus-auricle preparation seemed a good one for the in- 
vestigation of the action of adrenaline on myocardial tissue lacking sympathetic 
innervation. MacDonald (1925) and Lutz (1930b) have found adrenaline to 
have a vagus-like inhibitory effect on the heart beat of clasmobranchs, often 
followed by a stimulating action. However, this effect was with concentrations 
of adrenaline (1 : 25,000-1 : 100,000) unlikely to exist under physiological conditions 
in this animal’s heart, particularly since, if there is no sympathetic supply, only 
the adrenaline in the circulating blood is available to affect the myocardium. In 
our reinvestigation of the effect of adrenaline we have used weaker and hence 
more nearly physiological concentrations. The study of the action of adrenaline 
has also led to observations on the actions of acetylcholine and potassium-excess. 

Methods. The sinus-auricle preparation of the spiny dogfish (Squalus 
acanthias) was suspended in a cylinder of 50 cc. capacity containing the physio- 
logical saline for clasmobranchs described by Lutz (1930b) and so arranged that 
contractions were recorded on a kymograph. A stream of oxygen was bubbled 
through the solution during the whole period of observation. Auricles continue 
to beat under these conditions for at least 24 hours. 

Drugs were added in solution to the cup where they were quickly dispersed by 
the stirring action of the oxygen bubbles. 

Results. \Yc were able to confirm the observation of MacDonald and Lutz 
that adrenaline in quite large concentrations (1:2000-1:100,000) will cause a 
temporary inhibition of the heart followed by a stimulation. In contrast to this 
finding, dilute solutions of adrenaline (1:1,000,000-1:200,000,000) caused only 
stimulation, which was recorded as an increase in the amplitude of the contrac- 
tions without much change in rate. Neither of these effects of adrenaline could 
be blocked by atropine, which is evidence against the hypothesis of Lutz that the 
inhibitory action of adrenaline observed by him was due to stimulation of para- 
sympathetic nerve endings. 

In the absence of an inhibitor of choline-esterase (e.g., eserine), concentrations 
of acetylcholine as high as 1 :5000 were required to produce any inhibitory effect. 
This is in marked contrast to the reaction of the auricles of frog and turtle hearts, 

1 Aided by a grant from the Bristol-Myers Co. 
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which under the same conditions show inhibitory effects when exposed to acetyl- 
choline in concentrations a thousand times more dilute. The implication of this 
observation is that the choline esterase content of the tissue is quite high. This 
inference is strengthened by the observation that the auricles show a decreased 
amplitude of contractions in an acetylcholine concentration of 1 : 100,000,000 after 
treatment with prostigmine (1 : 500,000) (fig. 1), although much higher concen- 
trations were required to cause complete suppression of the beat (fig. 2). The 
reaction of this auricle to acetylcholine is like that of other vertebrate auricles in 
that small concentrations cause only a negative inotropic effect whereas greater 
concentrations are required to cause negative chronotropic effects which eventu- 
ally lead to complete cessation of contraction. 

Potassium excess also suppresses the contractions of this auricle. An excess of 
30 mgm. per cent of KC1 (in addition to the 60 mgm. per cent already present in 



Fig. 1 Fig. 2 Fig. 3 

Fig. 1. Effect of acetylcholine (1:100,000,000 to 1:25,000,000) after prostigmine 
(1 :500,000) on the isolated sinus-auricle of Squalus aeanthias, and its reversal by adrenaline 
( 1 : 1 , 000 , 000 ). 

Fig. 2. Effect of gradually increasing concentrations of acetylcholine (1:1,000,000 to 
1:60,000) after prostigmine (1:500,000) on the isolated sinus-auricle of Squalus aeanthias, 
and its antagonism by adrenaline (1:1,200,000 and 1:120,000), Sections of the original 
record have been omitted at the points marked X. 

Fig. 3. Effect of potassium excess (200 mgm. per cent KC1) on the isolated sinus-auricle 
of Squalus aeanthias and its antagonism by adrenaline (1:1,000,000 and 1:500,000). Sec- 
tions of the original record have been omitted at the points marked A’. 

the normal saline) caused a decrease in the amplitude of the contractions, and an 
excess of KC1 up to 200-300 mgm. per cent caused complete cessation of the beat 
(fig. 3). This action of potassium is not blocked by atropine and the evidence 
seems conclusive that its effect is directly on the auricular myocardial cells, its 
action being identical with that which has been demonstrated in the case of the 
non -innervated turtle ventricle by Hiatt and Garrey (1943). 

It is significant that weak concentrations of adrenaline antagonized not only 
the neural inhibitory action of acetylcholine but also the myal depression pro- 
duced by potassium-excess. After the auricle has been inhibited to the point of 
complete cessation of contraction by either of these agents, the addition of small 
quantities of adrenaline causes a resumption of the beat and a recovery of the 
original amplitude in the presence of the inhibiting or depressing substance 
(figs. 2 and 3). The corresponding antagonisms found in the auricles of frog or 
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turtle hearts do not approach the degree noted in these experiments on the dogfish 
heart. 

Discussion. It the elasmobrnnch heart lacks a sympathetic nerve supply, 
and this seems well established, then the site of action of adrenaline must be 
either on the vagus endings or directly on the myocardial cells. The fact that 
adrenaline effects, both augmentor and inhibitory, are unaffected by atropine 
would appear to indicate that the action is not on the vagus endings. Therefore 
the site of action of adrenaline, including the antagonism of the effects of acetrd- 
choline and potassium-excess, must be directly on the myocardial cell. Hiatt 
and Garrcy (1043) have shown that adrenaline has a slight augmentor action on 
the contractions of spontaneously beating strips of turtle ventricle, which the}' 
believe to be without, autonomic innervation. The effect of adrenaline on the 
myocardium of the elasmobranch auricle is, however, much greater, and it would 
appear that the myocardial cells of the elasmobranch auricle have a special 
sensitivity to adrenaline. 

The heart of the elasmobranch is apparently under constant vagal tone and 
since stimuli applied to almost any part of the body of an elasmobranch cause 
reflex cardiac inhibition (Lutz, 1930a), it is apparent the extreme sensitivity of 
the myocardium to adrenaline affords a mechanism of antagonism to acetyl- 
choline even in the absence of sympathetic innervation of the heart. It has been 
shown by Lutz and Wyman (1927) that extracts of the chromophil bodies of this 
elasmobranch give characteristic adrenaline effects. Whether these glands are 
activated in an emergency is not yet known. 

SUMMARY 

1. The isolated sinus-auricle preparation of the elasmobranch (Squalus acan- 
thias) which is apparently without sympathetic innervation, shows marked reac- 
tions to adrenaline. 

2. The previously reported observation that adrenaline in liigh concentration 
causes a transient inhibition has been confirmed, but this effect is not blocked by 
atropine, so it is concluded that the action is not upon the vagus endings as has 
been suggested, but that it is directly upon the myocardial cells. 

3. Adrenaline in low, more nearly physiological concentrations causes aug- 
mentation of the contractions without a change in rate. This effect also persists 
after atropine. 

4. The dogfish auricle is much more resistant to the action of acetylcholine in 
the absence of an inhibitor of choline-esterase than the amides of fiog and turtle 
hearts, but after treatment with prostigmine the dogfish aiuicle reacts in the 
same manner and with approximately the same sensitivity as other veitebrate 
auricles to acetylcholine. 

5. The inhibitory actions of acetylcholine and the depression of auricular beat 
due to potassium-excess are markedly antagonized hr small concentrations of 
adrenaline. 
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6. A possible teleological value of the sensitivity of the myocardial cells to 
adrenaline is suggested. 

The author wishes to express his gratitude to Dr. W. E. Garre}- for his criti- 
cism during the writing of this paper. 
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Curiosity about whether the heart rate of the one-day-old rat could be electri- 
cally recorded gave rise to the following series of experiments. It was found 
that heart rate could be recorded 1 and that, contrary to expectation, the rate of 
the day-old rat was considerably lower than that of the adult rat. The present 
series of experiments was planned to verify this surprising initial finding and to 
study the development of heart rate in the early stages of the rat’s life. 

Determination of heart rate in newborn rats. The heart beats were recorded 
by a Daws electroencephalograph; clip electrodes were attached ventralh* and 
dorsally through the axis of the heart. 

Heart rates were determined in 131 rats from 19 litters within 24 hours of 
birth. The rate per minute of each animal was computed from a 30-second strip 
of electroencephalograph tape. Fluctuation in heart rate was calculated by 
analyzing the 30-second period into five G-eecond periods, and considering the 
maximum change between any two periods as the fluctuation. Data were ana- 
lyzed for sex differences, and comparison with mature, 120-day-old rats was made. 

Results, a. A comparatively low heart rate was found in both male and 
female day-old animals. Sex differences in mean heart rate found in the tamed 
adults were not present in the newborn animals. (A slight but significant 
difference in body weight was found in favor of the males.) No sex differences 
in fluctuation of heart rate occur. 

b. Significant differences in heart rate between male and female 1-day-old 
and 120-day-old rats were found. The 1-day-old rats had a much slower rate. 
The range of individual differences in mean heart rate (as indicated by “V”, 
the coefficient of variability) decreases from the 1-day level to the 120-day level. 
Average fluctuation in heart rate increases significantly from the 1-day to the 
120-day-old animals. Individual differences in average fluctuation (as indi- 
cated by “V”) decrease from the 1-day to the 120-day-old animals. 

c. Of the 131 rats, 99 (from 14 litters) had been tested immediately following 
birth, while 32 rats (from 5 litters) had been tested from 8 to 24 hours after 
birth. Data were re-analyzed to see whether heart rate differed between these 
two age groups. 

Significant changes in heart rate occurred within the first 24 hours of life. No 
significant differences in mean fluctuation of heart rate were observed in the 
first 24 hours of life. Sex differences in mean heart rate were not present at 
birth or in the first 24 hours of life. 

d. In the above analysis significant changes in heart rate were found in dif- 

1 A check experiment in which the thoracic cavity was opened and the heart observed 
simultaneously with the recording ensures that it was the heart potential which was being 
recorded. 
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ferent rats during the first 24 hours of life. The aim of the present experiment 
was to follow the changes in heart rate in the same animals through the first 24 
hours of life. To this end the following procedure was adopted: 12 animals, 


TABLE 1 


TABLE 2 


Mean heart rate and mean fluctuation 
in heart rate in a SO-sccond period 
of 1S1 rats during the first 24- 
hours of life 



MALES i 

I (N:66) | 

!. i 

| FEMALES 

(X:6 5) 

! CRITI- 
I CAL 

1 RATIO* 

1 

Mean heart 

| 



rate 

174. C ±44 j 

ICS. 5 ±42.7 

0.8 

Mean fluctu- 




ation of 




heart rate. 

12.7 + 14.3] 

] 13.1 + 10.4 

0.2 


* This is an index of the reliability of a differ- 
ence between two measures. A critical ratio of 
3 or more indicates that the obtained difference 
is statistically significant, t.e., the chances are 
greater than 999 in 1000 that a true difference 
exists. 


Comparison of mean heart rale and mean 
fluctuation in heart rale in 1 -day-old 
and 120-day-old (tamed) % rats 



1 -DAY-OLD CROUP 

120-day-old 

GROUP 

CRITI- 

CAL 

RATIO 

COL- 

UMNS 

(D& 

(3) 

Mean (1) 

“V”t 

(2) 

Mean (3) 

"V"t 

(4) 

Male 






rate 

175 -4-44 

25.1 

433.5 ±22 

5 

34.1 


(N = 60) 

(23.8)* 

(X = 10) 



Fluctua- 






tion 

12.7 ±14.3 

113 

22.3 ±8.2 

37 

3.7 


(X = 00) 

(110)* 

(X = 16) 



Female 






rate 

10S.5 ±43 

| 25.0 

476 ±24.6 

5 

33.4 


(N = 05) 

(25.5)* 

(X = 11) 



Fluctua- 






tion 

13.1 ±10.4 

129 

19.5 ±3.0 

19 

2.9 


(N = 05) 

(133)* 

(X = ID 




* Since it will beshown thathcartrato varies significantly in 
the first 24 hours of life, the objection might be raised that 
considerable variability in the rate of the 1-day-oldrats is due 
to the presence of different age groups (in torms of hours). 
To meet this objection, results were tabulated for 50 males and 
49 females measured directly at birth. These results, not sig- 
nificantly different from those for the total group, are given 
in parentheses. 

t Coefficient of variability. 

♦ These animals had been habituated to the heart recording 
situation for a 2-week period before records were taken. 


TABLE 3 TABLE 4 


Comparison of mean heart rate and fluctuations Significance of differences in heart 

in heart rale of rats tested at birth and of rats tested rale between 8-liour periods in the 
8 to 24 hours after birth first 24 hours of life 


INDEX 

GROUP TESTED 
AT BIRTH 

(S:99) (1) 

CROUP TESTED 
S-24 HOURS 
AFTER BIRTH 
(X:32) (2) 

CRITICAL 
RATIO 
COLUMNS 
(1) & (2) 

PERIOD 

MEAN HEART 
RATE 

(N: 12) 

CRITICAL 
RATIO OP 
SUCCESSIVE 
PERIODS 

Mean heart rate... 

101 ±40 

204.2 ±40 

5.3 

Birth 

172 ±14 



(CR* sex 

(CR* sex 


8 brs 

211.3 ±16.8 

6.3 


diff: .6) 

diff: .6) 


10 hrs 

225.5 ±23 

1.7 

Mean fluctuation 




24 hrs 

257.3 ±23.6 

3.4 

in heart rate 

14 ±1S.4 
(CR* sex 
diff: .2) 

9.2 ±11.8 
(CR* sex 
diff: .1) 

1.0 

Birth-24 hrs. . . 


10.8 

• 






* Critical ratio. 


6 males and 6 females, from two litters, were tested immediately at birth and 
every 8 hours thereafter for the first 24 hours of life. 

Results on the same animals confirm what had previously been found in 
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different animals, i.c., significant changes fn heart rate occur in the first 24 hours 
of life. The more detailed analysis in this experiment showed that within the 
first 8 hours of life significant changes are to be noted. 

e. As a continuation of preceding experiments a study of changes in heart 
rate in the first 21 days of life was made. Seventeen rats, 10 males and 7 females, 
were tested daily at the same hour. 

Mean daily heart rate over the 21-day period was computed for both sexes. 

Increase in heart rate was greatest in the first 1 1 days of life. By this time the 
rates of both males and females exceed 400 and overlap at times with the range 
found for the tamed 120-dav-old rats. From the 11th to the 21st day a plateau 
of little or no increase in heart rate occurs. Sex differences emerge more defi- 
nitely from the 10th day of life on, the females having the higher rate. How- 
ever, sex differences in heart rate in mature rats were found to exist only in 
tamed animals habituated to the recording system. Untamed mature animals 
showed no sex differences, nor did the tamed animals when recording was re- 
sumed after a 50 day interval. Evidence on hand would suggest an interpre- 
tation in terms of the differential reaction of the male and female heart under 
conditions of stress, the male rate increasing to a greater degree than the female 
and in this way reaching a level not significantly different from the females. 

Discussion. In the foregoing experiments the most striking result concerns 
the comparatively low heart rate of the 1-day-old rat. The expectation had 
been that a rate of 600-800 beats per minute would be found at birth with a 
subsequent decrease to the adult level. Whether this low rate at birth is pecul- 
iar to the rat alone is not definitely known, for there has been little comparative 
work done in this respect. A few exploratoiy experiments carried out by the 
writers with newborn kittens and pigs showed the usual result, i.c., a heart rate 
at birth higher than that of the adult. The mean heart rate of two newborn 
kittens was 168, while that of two adult cats was 131. In like fashion the mean 
heart rale of two newborn pigs was 227, and that of three adult pigs, 65. Similar 
results with other animals are reported by Dukes 2 and he concludes: “Young 
animals have a faster heart rate than mature animals . . . explained at least in 
part by their smaller size” (p. 115). 

SUMMARY 

1 . One-day-old rats, when compared with 120-day-old (tamed) rats, were found 
to have: a, a significantly lower heart rate; b, less fluctuation in heart rate. Sex 
differences present in the tamed, mature animals were not present in the 1-day- 
old animals. 

2. In the first 24 hours of life significant changes in heart rate were observed. 

3. In a 21-day period of daily heart recordings, it was observed that: 

a. Heart rate increased steadily in the first 11 days of life. 

b. A plateau of no increase in rate prevails from the 11th to 21st days. 

c. Sex differences manifest themselves with increasing clarity from the 
10th day on. 

2 Dukes, H. H. The physiology of domestic animals. Comstock Press, Ithaca, N. Y., 
1942, pp. 721. 
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In cinematographic studies on ventricular output Shuler, Ensor, Gunning, 
Moss and Johnson (1941) employed a modification of a technique developed in 
several laboratories by Takeuchi (1925), Strughold (1930), Landis, Hunt, Moe 
and Visscher (1940), and Burehell and Visscher (1941). Shuler and co-workers 
differentiated the effects of respiration on the output of the right and left ven- 
tricles and found that in each respirator}’ cycle the stroke volumes of the right 
and left ventricles varied independently. They reported an increase in the 
stroke volume of the right ventricle and a decrease in the stroke volume of the 
left ventricle during inspiration with the reverse changes occurring during ex- 
piration. These periodic independent fluctuations in output occurring in each 
ventricle were associated with corresponding independent fluctuations in the 
diastolic size of the tv’o ventricles such that, when the diastolic size of the right 
ventricle increased in inspiration the stroke volume of that ventricle also in- 
creased, even though the diastolic size and stroke volume of the left ventricle 
simultaneously decreased. 

In view' of this evidence that each ventricle, independently, “obeys” the “Law 
of the Heart” (Patterson, Piper and Starling, 1914), which states that ”... the 
energy set free at each contraction of the heart is a simple function of the length 
of the fibers composing its muscular walls,” it was felt that further studies should 
be made on the independent operation of this law in the two ventricles. 

Methods. Dogs were anesthetized with sodium barbital. A portion of 
the sternum and ventral chest w r all was removed and the pericardium was 
incised and sutured to the chest wall to cradle the heart. Numerous small 
circular cardboard markers w'ere fixed to the heart clearly outlining measurable 
areas on the surface of each ventricle. Motion pictures were taken (at 32 or 
48 frames per sec.) through a transparent window’ used to seal the opening 
in the chest wall, permitting the dog to breathe in the normal manner. In 
some experiments, the pictures were taken without sealing the chest wall, ex- 
posing the heart to atmospheric pressure. 

Various procedures which change the diastolic size and, consequently, the 
force of the stroke wore employed. These included: 1, increasing the venous 
return by rapid intravenous infusion of Ringer’s solution; 2, increasing the periph- 
eral systemic resistance by partially occluding the abdominal aorta, and 
3, normal respiratory changes in intrathoracic pressure, pulmonary vascular 
capacity and ventricular filling. 

Negative enlarged prints of many successive frames were made, and the out- 

i Now at the University of Illinois School of Medicine, Department of Physiology. 
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lined aiea of each, ventricle was measured in each frame. Plotting these areas 
gave approximations to '‘volume curves” showing maximal diastolic size, minimal 
systolic size, and stroke volume” for each beat of each ventricle, in arbitrary 
units. • Foi a number of heart beats, diastolic sizes of the right and left ventricles 
were plotted separately against the corresponding stroke volumes, and differ- 
ences in the steepness of the slopes of the curves for right and left ventricles were 
interpreted as differences in the effectiveness of stretch of the muscle fibers of the 
two ventricles in inducing increases in stroke volume. 

Results. Figure 1 shows t 3 r pical results obtained in most instances in which 
changes in diastolic size and stroke volume were produced by means of intra- 
venous infusion of Ringer’s solution or compression of the aorta w hil e the cardiac 
rate remained constant. It is seen that the points for the right ventricle are less 
scattered and fall more nearfy upon a line than those for the left ventricle. Prob- 



Fig. 1. Effect of increase in diastolic size induced by intravenous saline infusion and 
aortic compression upon the stroke volume of the left and right ventricles determined 
separately. Units are arbitrary. 

Fig. 2. Effect of changes in diastolic size induced by normal respiration upon the stroke 
volume of left and right ventricles determined separately. Units are arbitrary. 

abty this indicates that the relationship between diastolic size and stroke volume 
is more direct in the right ventricle, i.e., it is influenced less by such other factors 
as changes in peripheral resistance or velochy of ejection than is the case in the 
left ventricle. 

The greater steepness of the curve for the right ventricle seems to indicate 
that increased diastolic size (and stretch of the muscle fibers) is more effective 
in increasing the stroke volume of the right than of the left ventricle. 

Figure 2 shows eight beats of the heart during a single respiratoiy C 3 'de, in 
which the diastolic sizes and stroke volumes of the two ventricles fluctuate in- 
dependent^'. The results are essential^ the same as in figure 1. In the right 
ventricle, the points are again somewhat less scattered, and a given increment in 
fiber length seems to be more effective in increasing the systolic shortening of the 
fibers in the right than in the left ventricle. 
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In a few instances, the steepness of the slope of curves for the right and left 
ventricles was nearly the same, but the steepness of the left ventricular curve 
was never greater than that of the right ventricle in the same heart. 

Discussion. In attempting to account for these differences in response to 
stretch in the right and left ventricles, it must be borne in mind that in these 
experiments onfy one manifestation of increased work resulting from increased 
stretch is measured. For a complete anatysis it is necessary to know not only 
the stroke volume but also the pressure (peripheral resistance) against which 
each ventricle acts as well as the factor for imparting velocity to the blood. 
For example, in aortic compression (one procedure providing data for fig. 1) 
the systemic peripheral resistance was certainly increased. Therefore, much of 
the extra energy set free by the stretched fibers of the left ventricle was employed 
to overcome the increased resistance. Consequently, less of the extra energy 
was available for increasing the stroke volume. On the other hand, compression 
of the aorta leads to a relatively slow and slight rise in pulmonary pressure (John- 
son, Hamilton, Weinstein and Ivatz, 1937) so that a greater percentage of the 
extra work done after stretch of the fibers of the right ventricle was employed 
to produce increased stroke volume. However, when Ringer’s solution is in- 
fused there is no such marked increase in arterial resistance in the systemic cir- 
culation as compared with that of the pulmonary system. Yet, essentially 
the same differences in the effects of stretch upon the two ventricles were seen. 

The results plotted in figure 2 may also be partially explained by fluctuations 
in the resistance against which each ventricle pumps, in each respiratory cycle. 
When the diastolic length of the right ventricular fibers is greatest (i.e., in in- 
spiration) the resistance against which that ventricle pumps is lowest, since 
pulmonary arterial pressure has been shown to fall in inspiration (Johnson, 
Hamilton, Weinstein and Katz, 1937). Therefore, the added force of contraction 
produces mainly an increased stroke. On the other hand, when the diastolic 
length of the left ventricular fibers is greatest (i.e., in expiration) the systemic 
arterial pressure is highest. Here the added force of contraction can be only 
partially employed to increase the stroke, since some of the added force must be 
used to pump against a higher pressure. 

Visscher and Starling (1927) have shown that a poorly nourished heart must be 
stretched more than a well nourished one to induce the same increment of work. 
It seems unlikely that the left ventricle was regularly less well nourished than 
the right, in our experiments, since the systemic blood pressure remained at a 
good level throughout, and the fibers of both ventricles are supplied from the 
aorta. Furthermore, the left ventricular fibers are stretched the most during 
expiration at which time their blood supply should be greatest since the aortic 
pressure is liighest at this time. 

It seems probable that differences in the anatomical arrangement of the muscle 
fibers in the two ventricles may be mainly responsible for the results obtained. 
The muscle fibers are known to run a more nearly straight course in the right 
than in the left ventricle, 2 so that an increase in the area of an outlined portion 

2 Jane Sands Robb: Personal communication. 
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of surface of a ventricle represents a greater actual increased initial length of a 
given fiber in the right ventricle than in the left. 

It seems improbable that the properties of the muscle fibers of the two ven- 
tricles are inherently sufficiently different to account for the apparently greater 
effect of stretch upon the stroke of the right than of the left ventricle. 

SUMMARY AND CONCLUSIONS 

1. Using a cinematographic technique, the effect of varying the diastolic 
stretch of the cardiac musculature (i.e., initial fiber length) upon the subsequent 
systolic stroke (i.e., shortening in contraction) was determined in the left and 
right ventricles of dogs separately. 

2. The relationship of initial diastolic fiber length to stroke volume was more 
direct in the right than in the left ventricle, presumably because the peripheral 
resistance or pressure factor in the work done by the heart fluctuates less in the 
pulmonary than in the systemic circuit. 

3. A given increment in diastolic size of the right ventricle was found to be 
more effective in producing an increased stroke volume from that chamber than 
was the same increment in the left ventricle. 

4. Differences in the nourishment or inherent properties of the left and right 
ventricles are probably not sufficiently great to account for these findings. 

5. In some of the procedures employed (especially occlusion of the aorta), the 
smaller stroke volume increase of the left ventricle in response to stretch may be 
accounted for partially by a concommitant increase in peripheral systemic re- 
sistance. Under such conditions much of the extra energy is employed in over- 
coming the increased resistance, leaving less energy to increase the stroke volume. 
Since aortic occlusion does not elevate the pulmonary peripheral resistance appre- 
ciably, a larger proportion of the extra energy released by stretch of the right 
heart is employed in increasing the stroke volume. 

6. The most important factor accounting for the apparently greater response 
of increased diastolic size in the right ventricle is probably the fact that the 
muscle fibers of the right ventricle pursue a straighter course than the fibers of 
the left ventricle, so that a given increase in diastolic size produces a greater actual 
stretch of the muscle fibers themselves in the right than in the left ventricle. 
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In his recent paper on the development of body temperature of birds, Iven- 
deigh (1939) recalls the early work of Edwards who in 1894 divided young birds 
into two categories, those with (precocial) and those without (altricial) tempera- 
ture regulation at hatching. The chick has been suggested to be of the pre- 
cocial group. Romanoff and Sochen (1936) and Romanoff (1941) demonstrated 
that although the cluck embryo is poildlothermic during earl}' development, it 
changes toward the homoiothermic state during incubation and reaches true 
homoiothermism four or five days after hatching. 

The development and importance of shivering and panting in thermotaxis of 
birds is not well understood. Odum recently introduced a sensitive recording 
device for recording shivering and found (1942) that muscle tremors of shivering 
do not appear in small altricial birds until at least three days after hatching. 
Randall and Hiestand (1939) found that panting in the domestic fowl is roughly 
proportional to body temperature and that the panting center is relatively inac- 
tive at normal temperatures. 

In this study experiments were devised to investigate the development of 
temperature control in the chick, the nature and significance of shivering and 
panting, the effect of relative humidity on the efficiency of panting in tempera- 
ture control, and the upper lethal temperature. 

Studies were conducted with barred-rock chickens ( Gallus domc-sticus ) and 
pigeons ( Columba livia). Development of temperature control was studied up- 
on chicks removed from the incubator two hours after hatching and at pro- 
gressively older ages until after thermotaxic control was established. Body 
temperatures were recorded from thermometers placed to a constant depth in 
the cloaca, under the skin, and in some instances in the visceral regions. First 
muscle tremors of shivering were heard through a stethoscope placed upon the 
muscles of the body. 

A temporator tube used in lowering body temperature in some experiments 
consisted of a large T-tube, one end of which was enlarged into a bulb. A smal- 
ler tube was inserted through the distal opening of the T-tube and water was 
pumped into the bulb and out by way of the side tube maintaining a constant 
circulation of water at any desired temperature. In other experiments the 
body temperature was decreased in an ice chamber, or increased by wrapping 
the body in an electric heating pad. In order to raise skin temperature while 

1 From a thesis submitted in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy in Purdue University. 

2 jSTow with the Department of Physiology, Saint Louis University School of Medicine, 
St. Louis, Mo. 
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maintaining a normal deep temperature, the bod}'' was mapped in a heating pad 
while cold water was circulated through a rubber-lined metal collar placed 
around the neck. 

In studying the effect of humidity in temperature control, the body tempera- 
ture of pigeons was raised in a heating cabinet devised to allow changes in rela- 
tive humidity. 

Experimental results. Development of body temperature control. When 
young chicks (2 to 24 hrs. post hatching) were removed from the incubator 
their body temperatures closely approximated that of the incubator (38 to 39°C), 
and when exposed to laboratory temperatures of 26°C, their body temperatures 
rapdily fell as low as 31 to 32°C. Upon exposure to more severe environmental 
temperatures (ice chamber at 10°C) practically no resistance was shown to the 



Fig. 1. The increase in body temperature of chicks from a few hours after hatching to 
that of chicks 40 days old. The curve represents average temperatures while the circles 
represent the range of variation. First two averages were taken with the birds in an 
environmental temperature of 38 to 39°C.; remainder at 20 to 26°C. This progressive 
development was studied in 40 birds. 

Fig. 2. Panting responses in young chicks as determined at different ages. Curve A 
is that of a two-day-old chick. C is that of the same chick fifteen days old and D is that of 
the chick twenty-eight days old. 

chilling. Shivering was not pronounced and was often absent. The seven-day- 
old chick responded with vigorous shivering when exposed to the laboratory 
temperature and was completely capable of maintaining its body temperature 
within normal levels of 40.5 to 41°C. In fact, thermogenesis was sometimes 
sufficient to raise body temperature a few tenths of a degree. Exposure to 
temperatures below 20° still caused a rapid fall in temperature however and pro- 
tection against such environmental temperatures did not develop until the 
down feathers were well replaced by adult plumage. 

Two days after hatching the body temperature was above that of the incuba- 
tor and a continued average rise was recorded until about 22 days after hatching 
(fig. 1). The most rapid increase occurred in the first ten days and there was 
but little change except for the usual diurnal variations after 15 days. 
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Newly hatched birds were found to be fully capable of responding to increased 
body temperatures by polypneic breathing which quickly assumed the char- 
acteristics of panting, but the panting was initiated at a lower level than in 
adults (table 1). 

The gradual rise of the panting threshold parallels the rise of normal body tem- 
perature, but since it does not rise as rapidly, there results a progressive de- 
crease in the thermal tolerance. Thus the thermal tolerance gradually ap- 

TABLE 1 

Panting responses of a typical chick daring development from 1 day to 42 days of age 


This chick was chosen as typical of 20 birds 


AGE j 

CLOACAE TEMPERATURE 

f 

j PASTING THRESHOLD 

1 THERMAL TOLERANCE 

Days 

°c. 


| 

1 

.38.0 

41.0 

! 3.0 

5 

40.0 

42.0 

2.0 

10 

40. S 

42.1 

! 1.4 

15 

41.4 

42.5 ; 

1.1 

22 

41.7 

42.8 ; 

1.1 

42 

41.7 

43.0 

; 

1.3 


TABLE 2 

A condensed protocol chosen as typical of responses of the week-old chick to decreasing body 

temperature 


Thirty birds were used 


TIME 

CLOACAL 

TEMPERATURE 

SKIN 

TEMPERATURE 

HEART RATE 
PER MINUTE 

RESPIRATORY 

RATE 

PER MINUTE 

REMARKS 

Minutes 

c c. 

°c. 




0 

42.0 

41.8 

300 

50 


2 

41.9 

41.0 

360 

70 

First tremors 

10 

41.3 

40.0 

300 

SO 

Continuous shivering 

30 

38.0 

35.0 

320 

SO 


52 

35.0 

31.0 

270 

76 


75 

31.0 

28.0 

200 

52 


110 

26.0 

23.0 

10S 

40 

Shivering decreasing 

130 

23.0 

20.0 

52 

24 


150 

20.0 

18.0 

20 

14 

Shivering ceased 

ISO 

15.0 

13.0 

12 

0 



proaches that of the adult, the panting threshold becomes sharper and the effi- 
ciency of the panting mechanism increases (fig. 2). 

Shivering and falling body temperature. The first muscle tremors preceding 
shivering in the seven-day chick (in ice chamber at 10°C) were noted after a fall 
of 1 to 3°C skin temperature with little or no change in cloacal temperature. 
Vasoconstriction and periodic muscle tremors were quickly followed by contin- 
uous shivering and in all instances were accompanied by faster breathing and 
heart rates (table 2). With progressively falling body temperatures shivering 
began to decrease in intensity at about 26°C and ceased entirely at about 20°C. 
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Respiration failed at 15°C and although the heart became very weak, biopsy 
showed that it continued to beat at temperatures as low as 8.5°C. Administra- 
tion of 100 per cent oxygen into the trachea and out by way of a punctured ab- 
dominal airsac maintained a respiratory rhythm (6 per min.) at a temperature 
of 10°C indicating that hypothermic death is primarily caused by anoxic paraly- 
sis of the respiratory mechanism. Complete recovery was brought about if 
body temperature was returned to normal in a heating pad providing cloacal 
temperature was not reduced previously below 15°C. 

To further investigate the existence of reflex and central shivering, a tempora- 
tor tube was placed in the cloaca and body temperature was lowered without 
subjecting the skin to sudden changes in temperature. In contrast to the above 
experiments, shivering first appeared only after a fall of 1.2°C cloacal tempera- 
ture while the skin temperature was held relatively constant. It therefore 
appears that shivering may be produced reflexly by stimulation of cold receptors 
in the skin or centrally by cooling effects of the blood bathing thermogenic 
centers. 

Panting and rising body temperature. In contrast to experiments upon mam- 
mals, reflex panting of birds has not been demonstrated. An experiment was 
therefore devised whereby skin temperature was raised while at the same time 
the carotid blood was maintained at or below normal temperature. This was 
accomplished by placing the bird in a heating pad while the metal collar with 
circulating cold water was in place around the neck. 

With this technique it was possible to maintain the deep body temperature at 
a constant level for two hours even though the skin temperature was raised 
nearly four degrees. This indicates the cooling effect of the collar was sufficient 
to chill the blood enough to offset the warming of the body through the skin. 
Breathing remained normal in rate and amplitude. The temperature of the 
esophagus under the collar was 37.6° while that of the skin under the heating 
pad was 45.0°C. Upon removal of the collar, with heating pad still in place, 
the breathing rate increased instantty from 34 to 150 per minute (table 3). 
Thus even though the temperature of the skin was held at or above panting 
levels for 2 hours, panting did not occur until the thermoregulatory centers 
were warmed to panting levels by the circulating blood. This indicates a dis- 
crete central control of panting in the fowl. 

Effects of varying humidity upon panting. Since birds have no sweat glands 
and since feathers prevent. much evaporation from the skin, the burden of heat 
loss must fall upon respiration. It is therefore important to know the effects 
of varying humidity upon the ability of birds to adequately control body tem- 
perature (table 4). The panting threshold was not markedly changed when 
both environmental temperature and relative humidity were increased, nor was 
thermal tolerance significantly altered. The bird’s ability to prevent a rapid 
rise in body temperature was greatly inhibited, however. The time required to 
reach the panting threshold was decreased and the efficiency of the panting 
mechanism was decidedly less than normal, due to decreased evaporation of 
water. 
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• The upper lethal temperature of birds. Available literature has revealed no 
definite information concerning the physiological effects of prolonged and acute 
hyperthermia. After reaching the polypneic stage of panting, with continuous 
hyperthermia, respiratory failure was one of the first indications of physiological 
breakdown. This followed a preliminary slowing from the maximum breath- 
ing rate and occurred at a temperature above 45.5°C. As cloacal temperature 
approached 47.0°, rising more rapidly after failure of the panting mechanism, 
the heart began to decrease in rate. Breathing was reduced to a few dyspneic 

TABLE 3 


A condensed -protocol showing respiratory responses produced by risirtg skin temperatures ‘ 

while blood flowing to the brain is cooled 


TIME 

CLOACAL 

TEMPERATURE 

SKIN 

TEMPERATURE 

HEATING PAD 

. . i 

COLLAR 

RESPIRATORY 
RATE PER MINUTE 

Minutes 

°c. 

°c. 

°c. 

°c. 


0 

41.6 

41.4 

Normal 

Normal 

45 

10 

41.4 

43.0 

56 

10 

45 

40 

41.7 

43.0 

56 

10 

36 

80 

41.8 

44.4 

60 

9 

32 

120 

42.0 

45.0 

60 

7 

34 


Cold collar removed from neck 


123 

42.1 

45.0 

60 

Off 

■ 

140 

42.6 

45.4 

56 

Off 



TABLE 4 

Showing typical effects of increasing humidity and temperature upon panting responses of 

adult pigeons 

Twenty experiments were conducted upon 5 birds 


STARTING 

TEMPERATURE 

AVERAGE 

RELATIVE 

HUMIDITY 

PANTING 

THRESHOLD 

MINUTES 

TO REACH 
THRESHOLD 

THERMAL 

TOLERANCE 

°c. 

42.5 

20 ± 5% 

! 

43.1 

37 

0.6° 

42.6 

34 =b 5% 

43.1 

20 

0.5 

42.5 

48 ± 5% 

43.2 

15 

0.7 

41.5 

54 ± 5% 

42.5 

10 

1.0 

42.7 

75 ± 5% 

43.0 

5 

0.3 


gasps interspaced by apnea. Death was always immediately preceded by in- 
creasing tonus of skeletal muscles which reached convulsive stages just prior to 
complete respiratory failure. The convulsions were characterized by a “stretch- 
ing” reaction similar to those noted in asphyxial death. These convulsions then 
were replaced by decreasing clonic contractions; the heart became very irregular 
and weak. Immediate autopsy showed that the heart had completely stopped 
except for signs of flutter or fibrillation. All of these later changes were noted 
within a period of one to three minutes before death. 
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In young birds the lethal temperature varied more than in adults, the range 
of variation being between 46.0 and 47.8°. However, an average of 47.0° com- 
pares closely with the less variable average found in adults. Administration of 
oxygen always maintained respiratory and heart functions to somewhat higher 
temperatures, and the lethal temperature was in all instances higher than in 
those experiments without oxygen therapy. Temperatures as high as 48.8° 
w r ere recorded before sudden muscle atony, arrhythmia, and final heart failure 
ended in death. 

Discussion. As pointed out by Baldwin and Kendeigh (1932), the mass or 
size of the body of birds increases proportionately faster than does surface area. 
Thus as more protoplasmic tissue is involved in heat production with compara- 
tively little change in area for dissipation of heat, the normal body temperature 
must rise. 

Evidence indicates that chemical mechanisms of temperature control are de- 
veloped during incubation and in the first few days of the post-hatching period. 
It has been noted by others that the period of maximal basal heat production 
and growth occurs fifteen days after hatching, a period wdiich corresponds closely 
with the attainment of adult body temperature levels as shown in figure 1. 
Further control then depends upon the formation of an external insulation of 
feathers. 

Since the heat regulatory mechanism of young clucks is functional, within a 
few hours after hatching, it appears that the chick is potentially homoiothermic 
at hatching, but upon exposure to temperature extremes, may revert toward the 
poikilothermic state of its embryological development. 

Shivering in birds appears to consist of two separate and distinct physiological 
components. The first is reflex shivering initiated by impulses arising in skin 
receptors (possibly following an increased metabolism due to hormonal control). 
Reflexly increased breathing rates represent increased muscular contraction 
designed to raise metabolic production of heat. Secondly, since shivering may 
be produced virile deep body temperature is decreased but skin temperature is 
held constant, a centrally initiated shivering is indicated. General depression 
of all oxidative functions is probably involved in cessation of shivering at tem- 
peratures below* 20°C. 

The lack of oxygen seems the significant cause of death at low temperatures. 
Drastic slowing of the heart results in failure to circulate sufficient oxygen to the 
vital centers of the brain and breathing fails. The remarkable, resistance of the 
‘Varm-blooded” heart of the young chick is demonstrated in the intrinsic beat 
maintained at temperatures below 10.0°C. Such endurance compares favorably 
with poikilothermic hearts. 

Water loss occurs mainly in the mouth and pharynx as air is. passed rapidly 
back and forth over these areas. The temperature of inspired air, together with 
humidity, controls to a large extent the amount of heat which can be lost by 
panting. As the temperature rises, relative humidity of -environmental air de- 
creases, and as a result, an increased amount of evaporation from expired air is 
possible. If, however, the relative humidity is raised simultaneously, 'evapora- 
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tioii necessarily varies in an opposite direction, i.e., less water evaporates and less 
heat is lost. 

It is of interest to note that the lethal temperature of birds, which is two to 
three degrees higher than that of mammals, can be correlated with the normal 
body temperature which is three to five degrees higher. (This information em- 
phasizes the important physiological and ecological fact that homoiothcrmic animals 
arc living in the upper limits of their tolerable temperature range.) 

The exceedingly rapid rate of panting in birds has been shown to be due to 
overheating of a panting center located in the brainstem above the respiratory 
centers in the medulla (von Saalfeld, 1936). When the body temperature 
exceeds the threshold of this center polypnea, is initiated by the respiratory 
centers as influenced by the higher center. With continuous hyperthermia, the 
failure of respiration just prior to death may indicate one, or a combination of, 
the following events: the panting center ceases firing, the impulses are blocked 
en route to the medullary centers, or the latter centers are rendered insensitive to 
the descending impulses. Failure of all breathing movements soon after the pre- 
liminary slowing may be suggestive of the last possibility. It has recently been 
found in our laboratories that birds are greatly dependent upon the integrity of 
the vagi for functional panting, and it is thus possible that vagal failure may be 
.involved. 

Acute anoxia is certainly important in the causation of death at high tempera- 
tures and the usual sequence of events would appear to be: paralysis of the re- 
spiratory centers and consequent respiratory failure (possibly following damage 
to thermo taxic centers), heart and circulatory arrest due to asphyxia, and finally 
cessation of all oxidative functions due to tissue anoxia . 

SUMMARY 

1. Normal bod}' temperature of the barred-rock chick increases from a tem- 
perature identical with that of its environment (incubator at 38 to 39°C) to about 
41° ten days after hatching, after which time it approaches and remains within 
the limits of the dirunal variation of the adult. 

2. The chick is capable of panting and shivering at or shortly after hatching, 
but neither mechanism is efficient in maintaining body temperature until several 
days of post-hatching development. 

3. Development of temperature regulation is correlated with increasing me- 
tabolism and body temperature, stabilization of central thermotaxic control, 
and the transition from down feathers to the adult type of plumage. 

4. Reflex shivering may be evoked through skin receptors and shivering may 
also be centrally initiated by cooling of brain centers. Reflex panting could not 
be demonstrated in birds; only a discrete central control of panting is believed 
to exist. 

5. When exposed to cold environmental temperatures, periodic muscle 
tremors, vasoconstriction, and increased breathing and heart rates are observed. 
With continued hypothermia, shivering becomes continuous until, like heart 
and breathing rates, it progressively declines. Shivering ceases at approxi- 
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mately 20°C, breathing stops at about 15°C, but the heart may continue to beat 
at temperatures below 10°C. Respiratory and heart functions can be main- 
tained at even lower temperatures with oxygen. 

6. Neither the panting threshold nor thermal tolerance of pigeons was sig- 
nificantly altered at high temperatures and humidity, but severe hyperthermia 
developed rapidly. 

7. Although some variation exists in the lethal temperature of immature birds, 
an average lethal temperature for fowls may be taken as 47.0°C. The sequence 
of physiological events leading up to high temperature death is presented and 
discussed. 
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Methemoglobinemia may be produced by a considerable number of drugs and 
toxic agents (1, 2). The symptoms in methemoglobinemia (3, 4) are generally 
similar to those caused by an equivalent degree of CO-hemoglobinemia, and this 
is to be expected since the mechanisms by which they produce anoxia are similar. 
The various methemoglobin forming agents differ in the amounts of methemo- 
globin they produce in various species, and also they differ qualitatively in their 
other pharmacological actions. Since the symptoms in methemoglobinemia 
have often been attributed to the direct toxic actions of the methemoglobin 
producing agent, the mechanism and effects of methemoglobin anoxia require 
further investigation in the light of current concepts of the factors controlling 
respiration and circulation. 

In the course of investigations on a series of aromatic amino derivatives the 
acute actions of aniline were studied in some detail (5). It was found that in the 
•dog the production of methemoglobinemia was the most important action 
and apparently accounted for most of the resulting symptoms. Small doses 
produced a marked and fairly prolonged methemoglobinemia without signifi- 
cantly altering the blood pressure. These investigations suggested that aniline 
could be employed as a methemoglobin producing agent for a study of the effects 
of methemoglobinemia on respiration and circulation. 

The fact that methemoglobinemia is accompanied by a corresponding decrease 
in the O 2 capacity of the blood is well recognized. However, no quantitative 
data could be found correlating respiration during methemoglobinemia with pH 
and gas contents of arterial blood. Similarly no data on cardiac output appear 
to be available, nor data on A-Y O 2 differences and estimates of venous O 2 sat- 
uration. 

Therefore, a series of experiments, have been carried out on unanesthetized 
dogs to determine the effect of methemoglobinemia on pulmonary ventilation, 
cardiac output, and the pH and gas contents of arterial and venous blood. 

Methods. The experiments were performed on unanesthetized trained dogs 
after 16 to 20 hours’ fasting. Each observation consisted of measuring ventila- 
tion and O 2 consumption and of obtaining samples of arterial and mixed venous 
blood. A control determination was made in the morning, aniline was then 
administered, and the experimental observation carried out 3J to 9 hours later. 
In some instances only control or experimental observations were made in a 
single day. 

1 A preliminary report was presented before the Society for Pharmacology and Experi- 
mental Therapeutics, Boston, 1942. Federation Proceedings 1: 147, 1942. 
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Methemoglobinemia was produced by the oral administration of aniline, 50 
mgm. per kgm., as a 2 per cent solution. We have shown that in dogs this 
dosage produces a maximal methemoglobinemia of 50 to 65 per cent-in 4 hours, 
which persists for approximately another 4 hours and then progressively dimin- 
ishes (5). At least two weeks intervened between successive administrations 
of aniline. 

Strict conditions for basal metabolism were maintained; the preliminary rest 
period was never less than 30 minutes and was usually 45 to 60 minutes. A mask 
was fitted over the dog’s muzzle and connected through rubber valves to outside 
air. The expired air was collected in a 60 liter spirometer and analyzed with 
the Haldane-Henderson-Bailey apparatus. The volume of expired air was 
reduced to 0°C., 760 mm. Hg, and dryness for calculating metabolism, and 
to 37°C., prevailing barometric pressure and complete saturation with water 
for pulmonary ventilation. The heart rate was counted from the femoral 
pulse during the 4 to 8 minutes of expired air collection which immediately pre- 
ceded the blood sampling. Mixed venous blood was drawn from the right 
heart, and arterial from the femoral artery. Cardiac output was calculated 
utilizing the Fick principle (see (6) for details of the method). Rectal tempera- 
ture was noted in each experiment. Room temperature during tlie entire 
series varied from 21 to 26°C. However, the change during an individual 
experiment was never more than 1.5°C. 

Determinations were made of arterial and venous blood pH (7), CO 2 and 0 2 
contents (8), and cell volume (9), and of arterial 0 2 capacity (after equilibration 
with room air at room temperature (8)), total hemoglobin (THb) and methemo- 
globin (MHb) (10). Corrections were made for physically dissolved 0 2 (11). 
The blood samples were collected in oiled syringes, and mixed under oil with 
heparin in iced containers. Samples for gas analyses and THb and MHb were 
immediately transferred to mercury tonometers containing dried fluoride and 
analyzed within an hour. The heparinized samples were used for the pH and 
cell volume determinations. 

The values for MHb are expressed as percentages of the THb. The percent- 
age arterial 0 2 saturation was calculated from the 0 2 content and capacity using 
the formula HbO 2 (100)/Hb + Ilb0 2 . Venous 0 2 saturation was calculated 
similarly using the venous 0 2 content and arterial 0 2 capacity. 

Results. Twenty-six experiments were carried out on 3 dogs. There were 
14 control determinations, and 12 observations following an i l i ne administration 
with MHb concentrations varying from 48 to 68 per cent. The results are 
summarized in figures 1 and 2, and four representative experiments are shown 
in table 1. 

The most important change in arterial blood was a reduction in 0 2 capacity. 
The arterial 0 2 saturation of the active hemoglobin remained practically un- 
changed since the decrease in 0 2 content paralleled 0 2 capacity. There were no 
significant changes in THb and cell volume. Arterial pH was not greatly 
altered. In dog 1 some. tendency to a decrease was observed, but in dog 2 the 
tendency was toward ah increase which was really significant in Only one expert- 



PER CENT CHANGE 


B. B. CLARK, E. J. VAN LOON AND VT. L. ADAMS 


66 



PER CENT METHEMOGLOBIN 

Fig. 1 



Fig. 2 


Fig. 1. Effects of methemoglobinemia on ventilation and circulation. The vertically . 
connected points show the deviation from the average control value for each dog. The 
changes during methemoglobinemia are calculated from the control of each experiment if 
available, otherwise from the average control value for each dog. Dog 1 —0,2 —A, 3 

Fig. 2. Effects of methemoglobinemia on arterial and venous blood. The conventions 
are the same as in figure 1. 


TABLE 1 


DOG NO. 

^ VENTI- 

O2 USED 

A-v 0: 

j CARDIAC 

HEART | 

ARTERIAL BLOOD 

VENOUS 

IfETH- 

LATIOX 

DIFF. 

OUTPUT 

RATE 

pH 

coi 

Cont. 

0.- 

Cont. 

0: Sat. 

0: SAT. 

EMO- 

GLOBIN 


l.fmin. 

cc./min. 

ce. 

| l.fmin. 



vol. per 
cent 

vol. per 
cent 

per cent 

per cent 

per cent 

1 

4.7 

84 

46 

1.8 

55 

7.31 


18.0 

99 

74 

0 


4.6 

86 

35 

2.5 

91 

7.29 

39.6 

KU 

99 

53 

56 

2 : 

5.7 

94 

40 

2.3 

El 

7.34 

40.2 

19.3 

99 

• 

75 

0 


3.8 

t 

73 

29 

2.5 

n 

7.37 

1 

43.4 


97 

60 

6S 


5.2 

93 

60 

1.6 

0 

7.34 

44.6 


98 

67 

0 


4.7 

82 

32 

2.6 

HI 

7.35 

44.6 


97 

53 

65 

3 

5.4 

93 

53 

1.8 

56 

7.33 

40.4 

15.5 

97 

64 

0 


5.2 

87 

32 

2.7 

107 

7.35 

43.5 

6.4 

99 

50 

64 


ment. Arterial total CO2 content was variable, and in some instances the 
change could not be correlated with the changes in pH and ventilation. 
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Ventilation remained unchanged in most of these experiments; a slight decrease 
was observed more frequently than a slight increase. Also in 10 other experi- 
ments under similar basal conditions, no hyperpnea was noted. In some of 
these latter experiments the effect of inhalation of pure 0 2 for 5 minutes was 
tested. Breathing pure 0 2 produced no significant decrease in ventilation as 
compared to the controls. 

The 0 2 consumption did not vaiy more than ± 15 per cent although in 2 in- 
dividual experiments it was slightly greater. Rectal temperature remained 
unchanged, or decreased slightly. Only in dog 2 was a decreased rectal tempera- 
ture correlated with a decreased 0 2 consumption and ventilation. 

Venous 0 2 content was markedly reduced. This decrease did not exactly 
parallel the 'decrease in 0 2 capacity (or the increase in MHb) because in most 
instances there was a decrease in A-V 0 2 difference. Venous 0 2 saturation was 
significantly decreased in most cases. 

The A-V 0 2 difference was usually decreased without a great change in 0 2 
consumption. Consequently in all experiments except two an increase in cardiac 
output was observed. The acceleration in pulse rate was frequently greater than 
the increase in cardiac output and in those cases the stroke volume was decreased. 

Discussion. The foregoing results were obtained on trained unanesthetized 
dogs and are therefore free from the effects of anesthesia. We wish to emphasize 
that these are relatively acute experiments with a maximum methemoglobine- 
mia of 48 to 68 per cent produced b 3 r aniline. The mechanism of the MHb 
formation has been recentty reviewed (5, 12), and experimental evidence of the 
respiratory and circulatory effects of aniline has been presented (5). From this 
evidence (5) we are convinced that the effects reported in this paper resulting 
from a small oral dose of aniline are due predominant^ to MHb anoxia. At 
present we are not aware of am r agent entirety free from other pharmacological 
actions which could have been employed to produce the methemoglobinemia. 

Respiration does not appear to be stimulated b} r methemoglobinemia per se. 
It is now well established that respiratory stimulation in anoxemia is dependent 
upon stimulation of the carotid and aortic chemoreceptors (13). The effective 
'stimulus for these receptors is a diminished arterial 0 2 tension. A decreased 
arterial 0 2 content without a sufficient decrease in p0 2 is ineffective as shown 
b 3 r Comroe and Schmidt (13b) b 3 r perfusing the carotid bod 3 r with blood con- 
taining HbCO at normal p0 2 . Anoxia has onty a depressant effect on the respir- 
atoiy center itself (13c, d). In our experiments we have not observed a signi- 
ficant decrease in arterial 0 2 saturation and there is no reason to believe that 
arterial p0 2 is markedly altered. Therefore, no respiratory stimulation would 
be expected. On the other hand, some respiratory depression might have been 
anticipated. Our experiments produce no conclusive evidence on the latter 
point. 

Definite circulatoiy stimulation was evidenced by the increased cardiac out- 
put. This was associated with a marked acceleration in pulse rate and some 
tendenc 3 ' to a reduction of stroke volume. Although blood pressures are not 
reported in this paper, observations on other animals under similar conditions 
have shown no great change. 
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The increased cardiac output clearly represents a compensatory response of 
the circulatory system. It is evident that a decreased arterial 0 2 saturation 
cannot be evoked as an explanation. Some diminution of tissue p0 2 undoubt- 
edly occurred since the venous 0 2 saturation falls despite the increased cardiac 
output. The mechanism by which tissue anoxia (in the absence of a decreased 
arterial 0 2 saturation) causes an increased cardiac output is obscure. Never- 
theless, an increased cardiac output has been reported in acute carbon monoxide 
poisoning of dogs and man (14), and in anemia of man (15, 1G) and of the dog 
(17). The roles played bj r the increased pulse rate and vasomotor reactions 
in causing an increased cardiac output in this type of anoxia remain to be in- 
vestigated. 

MHb anoxia is due to a reduction in the 0 2 carrying capacity of the blood. 
This results in a decrease in venous 0 2 saturation, and consequently in venous 
p0 2 . Darling and Roughton (12) have reported that MHb causes a definite 
shift to the left of the normal 0 2 dissocation curve of hemoglobin. This shift 
will therefore cause a considerably greater decrease in venous p0 2 than is in- 
dicated by the venous 0 2 saturation. For example, in an experiment on dog 
2 with 68 per cent MHb, the venous 0 2 saturation is 60 per cent. Approximation 
from the normal 0 2 dissociation curve (18) gives a p0 2 of 33 mm. Hg, but from 
the MHb 0 2 dissociation curve (12) only 19 mm. Hg. We have not shown 
estimates of p0 2 in this paper since the data of Darling and Roughton on dog 
blood are insufficient to permit this. 

We have previously reported that MHb concentrations of 70 to 75 per cent 
in dogs caused unconsciousness, and motor release phenomena indicating cerebral 
depression (5). In the experiments here reported no gross neurological signs 
were evident other than slight lethargy, except in dog 3 which showed some 
neuromuscular weakness. 

Our results on MHb anoxia are qualitatively similar to those reported for 
carbon monoxide poisoning by Chiodi, Dill, Consolazio and Horvath (14). In 
CO-hemoglobin anoxia the circulatory effects were apparent at somewhat lower 
concentrations of inactive hemoglobin, as might be expected from the more 
marked effect of HbCO on the 0 2 dissociation curve. Since carbon monoxide 
is free from the objections which may be made against agents producing MHb, 
these observations would appear to lend support to our interpretation of the 
effects of methemoglobinemia. 


SUMMARY 

1. The effects of MHb concentrations of 48 to 68 per cent, produced by an 
oral dose of 50 mgm. per kgm. of aniline on trained unanesthetized dogs are 
described. 

2. No respiratory stimulation was observed. 

3. Cardiac output and pulse rate were significantly increased. 

4. Arterial 0 2 content was reduced in direct proportion to the MHb, but 
arterial 0 2 saturation remained unchanged. 

5. Venous 0 2 saturation decreased despite the increased cardiac output. 
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6. The effects of methemoglobinemia on arterial and venous 0 2 tension are 
discussed. 
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Richter (1-4) has described certain beneficial changes in appetite and food, 
water, and electrolyte selection in self-selection dietary experiments with adrenal- 
ectomized rats. He has observed decreased sodium taste thresholds with in- 
creased sodium intake (5-9), certain changes in water intake (3, 5, G, 8, 9), and 
lastly, a decreased carbohydrate intake (6, 7), when adrenalectomized rats were 
allowed to select sodium solutions and sugar from separate feeders and drinkers. 
These results and those obtained in other studies by Richter, have been used to 
support certain claims purporting to partially elucidate “biological drives,” 
“behavior,” “adaptability,” “effort to maintain a constant internal environ- 
ment,” and so forth. 

It is obvious that if Richter’s claims could be confirmed, such phenomena 
would be of fundamental biological importance. When Richter’s work (6, 7) 
appeared on sugar and salt appetites of self-selecting adrenalectomized rats, we 
had been working along somewhat similar lines, and since we used a somewhat 
different technique and obtained different results, it was thought of interest to 
present these findings at the present time. 

Methods. Rats of uniform weight and sex, of a strain from which the Wistar 
colony originated (10), were divided into two groups of three to ten rats each, 
and placed into two cages, in which the various components of an adequate 
sjmthetic diet were separately offered in different feeders and drinkers. The 
cages were made of one-half inch hardware screen and were of the approximate 
dimensions, 18 inches x 13 inches x 8 inches deep. A refuse drawer was built 
under each cage, and clamp holders for the various drinkers were soldered to 
the backs of the cages. The drinkers were constructed from inverted glass 
graduated cylinders, with attached glass spouts, the spouts protruding into the 
cages, and enclosed within individual horizontal metal cylinders of approximate 
diameters of 2 inches, to prevent the rats from walking on the spout openings 
and thus causing loss of fluid from the openings on the upper faces of the spouts. 

Cylindrical metal feeders 3 inches x 3 inches were used, which had removable 
telescoping tops with a 1.5 inch hole. The outside bottoms were leaded to pre- 
vent overturning of the feeders. Food was not spilled because of the restricted 
entrance. 

The rats were separately offered in these feeders: yeast (Fleischmann’s dried 

1 Supported in part by a grant from the Graduate School of the University of Minnesota, 
Assistance was furnished by the Personnel of Work Projects Administration, O. P. no. 65- 
1 _ 71 _ 140 , subproject 383; and by the excellent technical assistance of Mr. Donald Gleason, 
National Youth Administration, Project no. 0S17-100. 
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brewer’s yeast, Type 2019), dextrose (Corn Products “Ceralose”), casein (Labco 
vitamin-free, 100 mesh), and salt mixture (SMACO, USP XI). Roughage was 
offered as filter paper scraps, in a wire mesh feeder attached to the cage. The 
rats were offered the following fluids, from inverted 250 ml. or 100 ml. graduated 
cylinders, with spout drinkers: 3 per cent NaCl (USP) 250 ml., distilled water 
250 ml., and a mixture of corn oil (Corn Products “Mazda”) and codliver oil 
(USP) in the proportion of 4 to 1, 100 ml. 

Preliminary experiments with some twenty rats were performed, in which 
various salt solutions were offered in different 100 ml. drinkers, including: 
water, 3 per cent NaCl, 1 per cent KC1, 2.5 per cent MgCl 2 , 4 per cent NaH 2 P0 4 , 
2.4 per cent Ca-lactate (or pyruvate or levulinate), corn oil, and codliver oil. 
These experiments were designed to reproduce some of the conditions imposed 
by Richter’s earlier experiments on salt appetite after adrenalectomy (8). The 
solid salt mixture was not offered in these experiments. The rats selected suc- 
cessfully in a few cases, as judged by comparison of then growth curves with 
those of comparable rats fed Purina fox chow or an adequate mixed diet, but 
subsequent experiments showed that more consistent and reproducible results 
were obtained when the solid salt mixture was offered in place of the multiple 
choice of solutions. We therefore later offered only water and 3 per cent NaCl 
solutions, since essential minerals were available in the complete salt mixture 
and in the yeast. 

Prior to self-selection experiments, the animals were fed on our stock diet; 
Purina fox chow supplemented once weekty with greens. 

The food and fluid intakes, and the body weights were measured at the same 
time of day every other day for long periods of time, in order to establish the 
time at which relatively constant and comparable food and fluid intakes were 
established. After this time, one group of animals was bilaterally adrenalecto- 
mized, and the other was either sham-operated or unilateral^ adrenalectomized. 

The procedure of adrenalectomy has been described elsewhere (11), with 
certain modifications. Employing ether anesthesia and using the dorsal lumber 
approach without sterile precautions, this procedure is very similar to that re- 
cently described by Richter (7). Such bilaterally adrenalectomized rats, of 
the particular strain used, survived on the average of four to seven days for 100 
gram rats, and thirteen to thirty days for mature rats, when they were fed a low 
sodium diet made of vitamin-free casein, dextrose, yeast, codliver oil, corn oil, 
and a sodium-free modification of the salt mixture described by Hubbell et al. 
(12), in which potassium salts were substituted for the sodium salts described 
by these authors. The animals used in the experiments to be described generally 
all succumbed at the conclusion of the experiment, when sodium chloride or 
adrenal cortical hormone therapy was withheld. The rare exceptions which did 
not succumb at this time were carefully autopsied and examined for accessory 
adrenal cortical tissue or rests, in order to see if the experiment was thereby 
invalidated. 

In some experiments which will be described, diets were mixed in proportions 
dictated by changes in intake seen in self-selection experiments with adrenalec- 
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tomized rats, and fed to a uniformly selected group of eight to ten rats, as com- 
pared with another group fed a diet composed of normal ratios of dietary con- 
stituents, such as: dextrose 58 per cent, casein 21, corn oil 7, codliver oil 2, yeast 
10, salt mixture 2, and containing 4.2 calories per gram. These experiments 
were designed to see if diets made according to the diets selected by adrenaleeto- 
mized rats, would benefit adrenalectomized rats or alter their voluntary intake 
of sodium chloride. 

In all, six successful self-selection experiments were performed, involving some 
eighty rats, over a two-year period. Each experiment involved two groups of 
rats, one control and one experimental group. The rats of each group were 
housed together in one cage, and consisted of from three to ten rats each, de- 
pending upon the type of experiment. The experiments lasted an average of 
three to four months each. In this way food and fluid intakes represented the 
average of all the rats of one group rather than individual rats. 

In general, adrenalectomy was not performed until the rats had established 
constant food and fluid intake levels. This period varied from twenty to thirty 
days in most cases. Intakes and body weights were nevertheless recorded for 
this period every two days. Richter (7)- usually found constant levels estab- 
lished by the fortieth daj\ 

Of the experiments performed, only one will be described in detail, since the 
experiments were all essentially similar, and revealed certain consistencies ex- 
emplified by tills one. 

Experimental. Experiment 4- Three month old female rats averaging 156 
grams body weight (range 140 to 170) were divided into two groups of ten rats 
each, and each group was separately caged, and offered casein, dextrose, yeast, 
salt mixture (dry), water, corn-codliver oil mixture, and three per cent NaCl, 
as described in Methods. 

The body weights and food fluid intakes were recorded every two days for a 
period of ninety days. The solutions in the drinkers, and the food in the various 
feeders were changed for fresh supplies every two days. The amount of evapora- 
tion from the spouts of the drinkers in the two day period, was neglected. 

The rats of group 1, the controls, were unilaterally adrenalectomized,- and 
those of group 2, the experimentals, were bilaterally adrenalectomized on the 
forty-seventh day. The operation was performed at this late time because 
prior to this time the water intake was not equal in the two groups, as seen in 
figure 1. Twenty days after the operation, a fifty-milligram pellet of desoxycor- 
ticosterone acetate 2 was subcutaneously implanted in the shoulder region of the 
rats of group 2, and removed twenty-five d ays later, and the rats subsequently 
given the low sodium mixed diet previously described, in addition to 0.1 per cent 
KC1 drinking fluid, which was increased to 0.25 per cent a week later. The 
food intakes were averaged as per cent calories per rat per day, and the water and 
EaCl solutions were recorded as milliliters per rat per day. The caloric equiva- 
lents per gram of the diets selected by the rats were assumed to be : dextrose 
3.75, casein 4.40, oils 9.30 (13) and yeast 2.0 (assumed 50 per cent protein, and 

2 Supplied by Roche-Organon, Inc., through the courtesy of Dr. R. D. Shaner. 
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negligible in fats and carbohydrate, according to analyses obtained from Fleisch- 
mann’s). 

The results were averaged for five-day intervals for convenience in graphing, 
and the results are presented in figure 1. 
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Fig. 1. Effect of adrenalectomy on voluntary selection of dietarj’ constituents sepa- 
rately offered. 

Constituents separately offered were dry dextrose, yeast, casein, and salt mixture; corn 
oil-codliver oil (4:1), 3 per cent NaCl, and water. Ten rats per group. Each group caged 
together. Each graph average of the 10 rats. 

ADX — adrenalectomized. DoCA — Desoxycorticosterone acetate. 


As can be seen from figure 1, the bod}’ - weight curves showed no effect of the 
operations. After removal of the desoxycorticosterone acetate pellets, the 
animals died in 100 per cent of the cases when they had no access to salt, after 
an average of twenty-six days (range 9 to 36). The average body weights are 
not plotted after pellet removal since the scattered times invalidated the signif- 
icance of such averages. 

The total caloric intake showed a small transitoiy decrease caused by the 
bilateral adrenalectomy in group 2, which slowly returned to normal, especially 
after desoxycorticosterone acetate administration. Otherwise no significant 
difference was seen between the two groups. 
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The percent calories of dextrose showed no appreciable difference between the 
two groups after adrenalectomy, and the same lack of effect was seen in the 
protein (including yeast) and fat intakes, although transitory variations in fat 
intake occurred. Since the caloric equivalent of fat is high, the actual intake in 
milliliters was exaggerated by multiplication by this factor, 9.3, and the variations 
were much less noticeable if milliliters per rat per day were recorded instead of 
calories per cent per day. There was no significant change in the intake of 
the dry salt mixture, which was consumed on the average of about 100 mgm. 
per rat per da}’, but which showed considerable variation from day to day. 

The water intake curves were not comparable between the two groups prior 
to a few da 3 r s before the operations. After operation, the water intake of the 
bilaterally adrenalectomized rats decreased from 20 to approximately 13 ml. 
per rat per da 3 r , while the 3 per cent NaCl intake increased from 2 ml. per rat 
per day, to a maximum of 10 ml. per rat per day, a fivefold increase due to 
adrenalectom 3 r , in confirmation of Richter. After desoxycorticosterone acetate 
administration the salt intake again returned to the pre-adrenalectomy level, 
while the water tended again to increase. Due to the difference in water intakes 
of the two groups prior to adrenalectomy, it might be believed that the changes 
in water intake after operation have no significance in this experiment. This 
may be true, but since the same tendenc 3 r to decrease water intake and increase 
3 per cent NaCl after adrenalectomy, was seen in the other experiments, we 
believe that the water decrease tends to parallel the salt increase. 

The results show that we could confirm Richter's observations that adrenalec- 
tomy increases voluntary intake of sodium chloride, but we could not confirm 
his observation that selection of sugar decreases. 

The results of the other experiments were similar to this one, with some excep- 
tions. These exceptions were that upon occasion, the two groups of rats would 
sometimes not establish comparable intake levels of fluids and foods prior to 
adrenalectomy, as in the case of water in experiment 4, described above. In 
all, however, the experiments showed essential^ the same results, namel 3 r , that 
adrenalectomy increases the voluntary intake of sodium chloride, but does not 
significantly alter the voluntary intake of an}’ of the other dietaiy constituents, 
with the possible exception of water. 

An outstanding exception was experiment 2, in which there were seven rats 
per group and the methods used were essentially the same as those described 
in experiment 4. In this experiment, the total caloric intake remained about 
the same after adrenalectomy and after desoxycorticosterone acetate or adrenal 
cortical extract administration. As in experiment 4, the NaCl intake increased 
after adrenalectomy, and decreased after desoxycorticosterone acetate, but the 
water intake remained the same. The fat intake, however, marked^ increased 
and the dextrose intake markedly decreased after adrenalectomy in such a way 
as to render the total caloric intake unchanged. The decreased dextrose intake 
is in agreement with Richter’s experiments, but in disagreement with our other 
experiments. In this particular experiment, however, after adrenalectomy, 
even though the rats had access to and voluntarily increased their NaCl intake, 
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it was noticed that their body weights fell lower than the controls, and several 
rats died during the time with severe diarrhea. All the rats of this group were 
markedly asthenic. This type of result has been described by Mark (14), 
whose work is described in the discussion below. In no other experiment, in 
which all the rats were health}' and vigorous, could a change in food intake be 
observed for any of the dietary constituents except NaCl (and possibly water). 

On the occasions in which experiments showed changes in voluntary intake 
of the dietary constituents due to unknown causes or to poor condition as in 
experiment 2, it was thought of possible interest to mix synthetic diets, with 
their proportions of constituents dictated by these self-selection experiments. 
The first such experiment consisted of six groups of five female rats per group, 
average body weight ICO grams. Three groups, the controls, were fed a diet 
dictated by normal rats in a previous self-selection experiment, and three groups, 
the experimentals, on a diet dictated by adrenalectomized rats in the same 
experiment, in which the rats selected a high protein, low carbohydrate diet. 
In this experiment, as in experiment 2, the rats did poorly, and did not reversibly 
alter their voluntary NaCl intake after adrenalectomy and subsequent hormone 
therapy. The three control groups were fed a mixed diet consisting of: dextrose 
5S grams per cent, casein 21, corn oil 7, codliver oil 2, yeast 10, and salt mixture 
2, and contained 4.16 calories per gram, and the calories per cent of the various 
constituents were: carbohydrate 52, protein 28, and fats 20. The experimental 
groups were fecj- a diet consisting of : dextrose 28 grams per cent, casein 40, corn 
oil 10, yeast 10, codliver oil 2, salt mixture 2, and celluflour 8; containing 4.15 
calories per gram, and consisting of: carbohydrate 25 calories per cent, protein 
48, and fats 27. 

•The three control groups and the three experimental groups were given, re- 
spectively, tap water, 0.5 per cent NaCl, and 1.0 per cent NaCl as drinking fluid, 
and the body weights, food and fluid intakes were recorded for a week, after 
which the experimental groups were adrenalectomized, and the data recorded 
until death. Survival times were noted. 

No differences were observed for food and fluid intakes, or for body weight 
changes after adrenalectomy, except that the rats on 0.5 and 1.0 per cent NaCl 
as drinking fluid ate and gained more weight than those on tap water, which is 
to be expected. After removal of the NaCl, no differences were noted in survival 
times between the control and experimental groups. This experiment indicates 
that the high protein, low carbohydrate diet dictated by the previously con- 
ducted self-selection experiment mentioned, had no beneficial effects on the 
rats with respect to appetite, weight maintenance, or intake (“requirement”?) 
of NaCl, as compared with a control diet. 

In another similar experiment, four groups of eight female rats each, averaging 
125 grams (range 117-138) were selected. The first group received a mixed 
diet dictated from the results of self-selection experiment 2, described above, 
in which dextrose intake decreased, and fat intake increased after adrenalectomy 
(but in which this change seemed to parallel a poor condition of the animals) . 
The control groups received a mixed diet, diet 1, consisting of dextrose 62 grams 
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per cent, casein 20, yeast 12, corn oil 3.2, salt mixture 2.8, and containing 3.7 
calories per gram, with the calories per cent of carbohydrate 62, protein 30, 
and fat 8; while the experimental group received a high fat, low carbohydrate 
diet, diet 2, consisting of dextrose 25 grams per cent, casein 20, corn oil 17.2, 
yeast 12, salt mixture 2.8, celluflour 23, and containing 3.7 calories per gram, 
with the calories per cent of carbohydrate 31, protein 26, and fat 43. Each rat 
received 2 drops of Oleum percomorphum (Abbott) once weekly as a source of 
vitamins A and D. 

Both groups, in addition to receiving the diets described, were allowed a 
voluntary selection of two drinldng fluids, tap water and 3 per cent NaCI, from 
two drinkers. For roughage, both groups had access to filter paper scraps. It 
was noted, however, that the rats of the experimental group did not consume 
the paper while those of the control group did. This was presumably because 
of the lack of roughage in the control diet (self-selection?). One control and one 
experimental group were then adrenalectomized, leaving the other two as non- 
adrenalectomized controls. The adrenalectomized animals were operated three 
weeks prior to the experiment, and maintained on salt therapy consisting of a 
1 per cent XaCl, 0.2 per cent XaHCCh drinking fluid. Just prior to the presen- 
tation of the experimental diets, these animals were tested for completeness of 
adrenalectomy by withholding salt therapy, and all the rats showed a marked 
weight loss. After this, they were given 2 mgm. desoxycorticosterone acetate 
in oil subcutaneously, which restored them to normal weight and health. Thus 
the rats were proven, prior to the experiment, to be capable of developing a 
severe uniform adrenal insufficiency. 

Body weights, food and fluid intake, and voluntary intake of salt or water 
were recorded daily. After 32 days, the 3 per cent XaCl solution was removed, 
and the weight loss and survival noted. 

. The “dictated” diets had no effect on food intake, water intake, or salt appe- 
tite for the 32 day experiment, nor were there any differences in survival after 
withdrawing salt, the survival time being 6 to 7 days, respectively, for the two 
groups of adrenalectomized rats on the two diets. It is noted that the adrenal- 
ectomized rats did select much more XaCl than the controls, in confirmation of 
the self-selection experiments, and those of Richter. The controls selected an 
average of 200 mgm. XaCl per rat per day, while the adrenalectomized rats 
selected an average of 400 mgm. per rat per day. 

Another similar experiment was performed with mature female rats, in con- 
trast to the young rats used in the experiment just described, with essentially 
the same results. 

Discussion. In the self-selection experiments described above, all of the 
dietary constituents were separately offered in different feeders and drinkers, 
and the salts were offered as dry salt mixture, with exception of a XaCl solution. 
These experiments differ from those of Richter, in which voluntary dextrose 
and salt intakes were observed to be altered by adrenal insufficiency. In 
one series of experiments, Richter (7) fed a saltless stock diet in one container, 
and 3 per cent XaCl, 40 per cent dextrose, and distilled water from three drink- 
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ers, and found that adrenalectonry decreased the intake of dextrose solution, 
increased that of the salt solution, and decreased the water intake. Desoxy cor- 
ticosterone acetate and adrenal cortical extract tended to reverse this change. 
In another series of experiments (G), he fed the same diet from one container, 
3 per cent NaCl and water from two drinkers, and dry dextrose from another 
feeder, with essentially the same results. 

In the experiments we performed, in which diets were made up according to 
the proportions of various dietary constituents selected in certain self-selection 
experiments in which changes in intake were observed after adrenalectomy (it 
is pointed out that these experiments were exceptions), no effects of altered fat, 
carbohydrate, or protein content of the diets were observed on appetite, body 
weight, salt selection, or survival of adrenalectomized rats fed such diets. This 
is in agreement with the experiments of Swann (15) who examined the effects of 
diet on the survival of 704 immature and mature adrenalectomized rats of four 
different strains, and was unable to find any influence on survival, of variations 
of carbohydrate, fat or protein content. 

In addition to the experiments we have performed, and those of Richter, 
Warkinton (16) has described self-selection experiments in which the rats “suc- 
cessfully” selected an adequate diet when presented with the separate constit- 
uents of the diet. He was interested in ascertaining whether hypo- or lij'per- 
thyroidism would alter the voluntary selection of any of the dietary constituents, 
but obtained negative results. 

Mark (14) fed rats a saltless stock diet, and 40 per cent sugar, 3 per cent 
NaCl, and distilled water from three drinkers, thus essentialty the same tech- 
nique described by Richter (7). After adrenalectomy, the NaCl intake mark- 
edly increased, returning to normal after desoxycorticosterone acetate. No 
mention was made of alterations in sugar and water intakes except a statement 
to the effect that changes in voluntary sucrose and water intakes did not show 
a significant pattern. Even with access to, and increased voluntary intake of 
the salt solution, Mark’s animals frequently died 15 to 20 days following adrenal- 
ectomy, which does not confirm Richter’s 100 per cent survivals under identical 
conditions. Mark mentions the possibility of colony differences, but his rats’ 
failure to maintain themselves by salt selection reminds us of our experiment 2, 
in which, despite an increased salt intake, several rats did poorly, and even died. 
It is noteworthy that experiment 2 was an exception to our general observation 
that adrenalectomy does not alter the voluntary intake of any of the dietary 
constituents when they were separately offered, in confirmation of Mark. 
Richter (7) mentions the possibility that the decreased sugar intake observed 
after adrenalectomy, when sugar is offered as the solid or as a solution in addition 
to a saltless stock diet, is due to impaired intestinal absorption. It is a well 
known fact that adrenalectomized animals cannot tolerate large amounts of 
hypertonic solutions such as strong sugar solutions (17), and adrenalectomized 
rats might therefore learn to avoid such osmotic dangers when they already 
have access to an adequate mixed diet in addition to an extra suppty of carbo- 
hydrate in the form of solid dextrose or strong solutions of dextrose. When the 
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dietary constituents are separated in different feeders, however, we feel that 
adrenalectomy does not alter the voluntary intake (“need”) of carbohydrate, 
or any other dietary constituent except salt and water. Richter’s observation 
of a decreased sugar intake might be explained on the basis of an impaired sodium 
balance (18). 


SUMMARY 

1. Self-selection experiments were performed on rats, in which the effects of 
adrenalectomy were studied, in an attempt to see if the voluntary intake of any 
of the dietary constituents was altered. Dextrose, salt mixture, yeast, and casein 
were offered in four feeders, and 3 per cent NaCl, water, and a mixture of corn 
oil and codliver oil from three drinkers. Several rats were caged together. The 
daily intakes were recorded until constant, after which adrenalectomy was 
performed, and the subsequent intakes recorded for a period of time, followed 
by adrenal cortical hormone therapy. 

2. Richter’s observation of an increased voluntary selection and beneficial 
effect of NaCl, reversed by adrenal cortical hormone therapy, was confirmed. 

3. In those experiments which were considered valid, no effect of adrenalec- 
tomy was observed on the intake of protein, carbohydrate, fat, yeast, or solid 
salt mixture. This differs from Richter’s observation of a decreased sugar in- 
take. It is pointed out, however, that Richter’s method differed in that he 
presented sugar in addition to a mixed diet. 

4. An exceptional experiment is described which does show a decreased sugar 
Intake after adrenalectomy, in confirmation of Richter, but it is pointed out that 
the rats lost weight, and several died. 

5. Diets were made up in accordance with the results of self-selection experi- 
ments, such as the exception described in paragraph 4, which were considered 
to show changes in self-selection of dietary constituents presumably due to the 
poor condition of the animals after adrenalectomy. These diets varied in 
carbohydrate, fat and protein content, and were fed to adrenalectomized rats. 
Three per cent NaCl and water were also offered. No effects of these diets, 
“dictated” from self -selection experiments, were observed on appetite, body 
weight, voluntary intake of salt solution, or survival after withholding the salt 
solution, even though adrenalectomy did lead to an increased salt intake. 
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In the course of work involving observations on the oxygen consumption of 
dogs before and after the intravenous administration of various metabolic sub- 
strates, it was found that similar injections of NaCl solutions also increased the 
oxygen uptake. Since physiological saline is ordinarily considered to 'be meta- 
bolically inert and is commonly used as a vehicle for the injection of other ma- 
terials, it became of practical as well as of theoretical importance to investigate 
its stimulating effect upon oxA'gen utilization. 

Pre\aous recognition of the abo\ r e influence of NaCl has been largely associated 
Avith the disturbance encountered in adrenal insufficiency. It is Avell knotA'n that 
untreated adrenalectomized animals haA*e an abnormally Ioav oxygen consump- 
tion but that Avhen such animals are maintained on an adequate intake of NaCl, 
their rate of oxygen consumption approaches that of normal animals (I) (2) (3) 
(4). Similarly, it lias been demonstrated (in A'itro) that the Q 0 . of isolated tissue 
from rats in adrenal insufficiency is loAver than that of tissue removed from 
adrenalectomized rats treated Avith NaCl (5) (6). The pretdous literature con- 
tains only a few scattered references to the effect of NaCl on oxygen consump- 
tion in the normal organism. Castex and Schteingart (7) reported that sub- 
cutaneous injections of NaCl in human subjects raised the basal metabolic rate 
from 4 to 19 per cent. Control observations using distilled Avater gaA'e no in- 
crease. DaA’is (S) (9) noted increased oxygen consumption in dogs folloAving 
intrax r enous NaCl administration and observed that xvhen the animals Avere 
initially dehydrated, the effect of NaCl administration was greater. 

Methods. The work, to Avhich the present observations Avere incidental, 
necessitated the employment of seA'eral different physiological states in dogs 
and gaA'e us the opportunity to test the effect of NaCl under the most diverse 
conditions. Both normal and completely depancreatized dogs AA'ere used, some- 
times intact and sometimes after complete abdominal eAdsceration. All animals 
Avere deeply anesthetized with nembutal throughout the measurement of the 
respiratory exchange. The latter procedure Avas carried out Avith an apparatus 
to be described in a forthcoming report on other Avork. All animals Avere de- 
prived of food for 3 days before the experimental day, depancreatized dogs being 
deprived of insulin as Avell as food for the same period. Depletion of NaCl or of 
chloride alone A\*as effected by the methods of Darroxv and Yannet (10) (11). 
The depletion was carried out on the experimental day or on the preceding day. 
Sodium chloride AA’as restored to the animals by the intravenous injections of 

1 Aided by the Max Pam Fund for Metabolic Research. 
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isotonic or hypertonic NaCl. When it was desired to replace only the sodium 
ion, sodium phosphate was administered. Chloride, dissociated from sodium, 
was given as lithium chloride. 

All analyses were made on arterial blood. Plasma sodium was determined by 
the method of Weinback (12) and serum chloride by Wilson and Ball’s method 
(13). The' whole blood lactic acid was measured bj- the method of Barker and 
Summerson (14). 

Results. Figure 1 is a graph of a typical experiment on an intact normal dog. 
There is a striking parallelism between the depletion and restoration of XaCl 
and the fall and rise in the rate of oxygen consumption. It should be noted that 
the administration to a normal undepleted dog of the amount of NaCl which 
was required to restore the depleted dog to normal, also resulted in a significant 
rise in the oxygen consumption (about 20 per cent). However, in the normal 



Fig. 1. A typical experiment on an intact normal dog weighing 10 kgm. It received an 
intraperitoneal injection of 1000 cc. of 5 per cent glucose, at zero time. The arrow 
represents the time of withdrawal of the fluid from the peritoneal cavity, followed by the 
intravenous administration of 4.7 grams of NaCl dissolved in 30 cc. of distilled water. 

dog, the increase in oxygen consumption reached its peak in about 30 minutes, 
was maintained for another 30 minutes, and then fell to the pre-injection level 
about 30 minutes thereafter. In contrast to this, the administration of NaCl 
to a depleted dog or to an animal which was salt deficient as a result of uncon- 
trolled pancreatic diabetes, produced an equally rapid rise in the rate of oxygen 
consumption, but the increased rate then persisted for as long as we continued 
our observations (for as long as 5 hrs.). 

We have some data which indicate that the influence of NaCl on the rate of 
oxygen consumption is largely due to the chloride ion. By the intraperitoneal 
injection of a mixture of 5 per cent glucose and 150 m.e./liter NaHC0 3 , four 
intact normal dogs were depleted of chloride alone. In these animals, in which 
the plasma sodium levels did not change, final serum chloride levels of 79, 80, 
81, 83 m.e./liter were accompanied by decreases in oxygen consumption amount- 
ing to 15, 13, 43, 16 per cent respectively. Concordant results were also obtained 
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by depleting animals of NaCl, then administering first the sodium ion, and then 
the chloride ion. In three intact normal dogs, depleted to levels of 102, 117, 
125 m.e./litcr of plasma Na and 86, 82, 93 of serum Cl, restoration of the Na re- 
sulted in rises in oxygen * consumption amounting to 10, 6, 9 per cent respec- 
tively. Subsequent restoration of the chloride increased the oxygen consump- 
tion 20, 15, SO per cent. 


0 fl CONSUMPTION 
per cent change 
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SERUM Cl 
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Fig. 2. A summary of all results on. different animal preparations. Because of the 
widely different initial levels of serum chloride and oxygen consumption, the correlation 
shown is that between the percentage deviations from the initial levels. The deviations 
in chloride concentration are the result of either the abnormal state (as in the uncontrolled 
diabetic animals) or of the withdrawal or administration of XaCl or Cl. 

Effect of NaCl depletion on normal intact dogs = O, on eviscerated normal dogs = □, 
on diabetic dogs = A. 

Effect of Cl depletion on normal intact dogs = o. 

NaCl restored to normal intact dogs = •, to eviscerated normal dogs = ■, to diabetic 
dogs = A- 

Additional NaCl given to normal intact dogs = 0 , to eviscerated normal dogs = 0 ■ 

The broken lines indicate the approximate limits of normal variation. 

Figure 2 summarizes all our results indicating the variation of oxygen con- 
sumption with variations in the concentration of chloride in the blood serum. 
Because the graph includes data from animals in a variety of physiological states, 
involving widely different initial levels of oxygen consumption and chloride con- 
centration, the correlation presented is that between percentage deviations 
rather than absolute values. The direct relationship between serum chloride 
concentration and oxygen consumption in all the animals is apparent.. 

There was little indication from this work as to a possible explanation for the 
influence of serum chloride concentration on oxygen consumption. An incidental 
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observation which may be pertinent was the sharp rise in the levels of lactic 
acid in the blood, in a few sodium chloride depleted animals in which this was 
followed. The increases varied from 31 to 106 mgm. per cent. This suggested 
the possibility of the occurrence of a relative anoxia in the tissues of the depleted 
animals which might point to a defect in the oxygen- carrying or transfer mech- 
anisms. 


SUMMARY AND CONCLUSIONS 

1. The influence on the total oxygen consumption of dogs of the administra- 
tion of NaCl and of NaCl depletion was observed under a variety of conditions, 
including normal and depancreatized animals, both intact and after complete 
abdominal evisceration. 

2. Under all these conditions, the oxygen consumption of the animals, if 
normal to begin with, was temporality increased by the administration of NaCl. 
The total oxygen consumption of animals depleted of NaCl was abnormally low, 
and was permanently restored to the normal value by the administration of 
sufficient NaCl to bring the blood level back to normal. 

3. Some of the data indicate that the influence of NaCl is largety due to its 
Cl ion. 

4. There is a suggestion that the chloride ion is involved in the mechanisms 
for the transport and transfer of oxygen from blood to tissue. 

5. From a practical standpoint, it is important to consider serum chloride 
concentration as a possible variable factor in all investigations involving measure- 
ment of the oxygen consumption of animals. 
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Previous authors have reported inconsistent and contradictory effects on the 
in vitro oxygen consumption of tissues as a result of varying the NaCl concentra- 
tion of the medium (1) (2) (3) (4). Our own previous observations on the in 
vivo oxygen consumption of dogs have shown a consistently direct relationship 
between the concentration of the serum chloride and the basal oxygen consump- 
tion (5). It therefore seemed worthwhile to reinvestigate the subject under in 
vitro conditions, in an attempt to discover the reasons for the lack of correspon- 
dence of such results with those we obtained in the living organism. 

Methods. The oxygen consumption of portions of the diaphragms of 60 to 
90 gram rats was measured by the Warburg technique. A calcium-free Ringer- 
phosphate buffer, pH 7.4, containing 200 mgm. per cent glucose was used as the 
medium. The basic solution to which glucose and NaCl were added as required, 
contained the following concentrations of ions, expressed as m.e./liter: K = 
4.4, Mg = 1.2, Na = 30, d = 3.0, S0 4 = 1.2, P0 4 = 20. Both glucose and 
Nad were added in dry, solid state to aliquots of the basic solution to yield the 
following 3 final solutions: Solution no. 1 in its final form contained 150 m.e./ 
liter of Na and 133 m.e./liter of Cl; solution no. 2 contained 200 m.e./liter of 
Na and 183 m.e./liter of Cl; solution no. 3 contained 100 m.e./liter of Na, 83 of 
Cl, and (to avoid hypotonicity) 75 m.e./liter of sucrose. For convenience, these 
solutions are hereinafter designated as NaCl at 150, 200 and 100 m.e./liter re- 
spectively. 

Every experiment was performed in duplicate for an observation period of one 
hour and consisted of a comparison of control vessels containing the physiologi- 
cally normal NaCl concentration of 150 m.e./liter (solution no. 1) with test ves- 
sels containing solutions no. 2 and 3. In each experiment, portions from the 
same diaphragms were compared in the different solutions. Q 0 .’s were deter- 
mined on the basis of dry weight of the tissues. 

Two other variables tested in these experiments were the gas phase (100 per 
cent oxygen compared with air) and the presence or absence of red blood cells 
in the medium. When red blood cells were used, they were obtained from oxa- 
lated, defibrinated, heparinized or citrated dog or human blood. They were 
washed 5 or 6 times with 0.9 per cent NaCl solution, oxygenated in a separate 
vessel, and added to the medium in the ratio of 1 cc. of packed cells to 5 cc. of 

1 Aided by a grant from the Otto Baer Fund. 
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the medium. A similar proportion of red blood cells was added to the thermo- 
barometers in these experiments. 

Results, (a) Lack of influence of NaCI concentration on the Q 0 , of rat dia- 
phragm, when the gas phase was 100 per cent oxygen, and in the absence of red blood 
cells. Table 1 clearly shows that under the conditions commonly used for in 
vitro work, the concentration of sodium chloride in the medium (within reason- 
able limits) has little or no effect on the Q 0 .. It therefore seemed possible that 
the definite effects of NaCI seen in our previous in vivo work resulted from an 
exchange of ions between the blood serum and the tissue cells, which for some 
reason or other, did not occur under our in 'ritro conditions. 

(b) The influence of in vivo NaCI depletion on the Q 0 , of rat diaphragm, gas 
phase — 100 per cent oxygen, red blood cells abse?it. In view of the above results 

TABLE 1 


Comparison of the Qo : of portions of the same rat diaphragms , showing the lack of influence of 
varying NaCI concentrations when the gas phase is 100 per cent oxygen and no red 

blood cells are present 


CONDITIONS 

Qo, 

NaCI 

100 m.e./Iiter 

NaCI 

ISO m.e./Iiter 

NaCI 

200 m.e./Iiter 

100 per cent oxygen with- j 

6.84 

6.66 


out red blood cells 

6.46 

6.50 



6.42 

6.36 



6.29 

6.19 




6.05 

6.10 



6.30 

6.25 



6.40 

6.32 



6.36 

6.50 

Average Qo : 

6.50 

6.35 

! 

6.39 

Per cent difference 

+2 

0 

! 

+1 


it became of interest to determine the Qo. of diaphragmatic muscle of rats which 
had been depleted of NaCI during life. Others had previously shown that the 
tissue of rats in adrenal insufficiency had a lowered oxygen uptake in vitro, while 
the tissues from adrenalectomized rats adequately treated with NaCI had nor- 
mal Qo.’s (6) (7). It had also been shown that animals may be depleted of NaCI 
by injecting isotonic glucose intraperitoneally, and these animals suffer the same 
electrolyte and water changes in blood and muscle as occur in adrenal insuffi- 
ciency (8) (9). We employed the latter technique to obtain NaCI depleted 
rats. By trial and error it was found that the necessary depletion, in 60 to 90 
gram rats, resulted from the intraperitoneal injection of about 20 cc. of 5 per cent 
glucose in water. The accumulated fluid was withdrawn from the peritoneal 
cavity at the end of four hours. The animals were placed in a cage with free 
access to water but no food, and sacrificed for the experiment 8 hours thereafter. 
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TABLE 2 

The influence of NaCl concentration on the 
Qch of rat diaphragm in the presence of 
blood cells, gas phase = air, and the lack 
of influence of NaCl when oxygen is substi- 
tuted for air 


Portions of the same rat diaphragm are 
compared in each case 


CONDITIONS 

Qo 5 

NaCl 
100 m.e./ 
liter 

NaCl 
150 m.e./ 
liter 

NaCl 
200 m.e./ 
liter 

Air and red blood 

4.20 

6.65 


cells 

4.19 

5.19 



4.57 

5.95 



4.32 

5.75 



4.34 

6.06 



5.90 

6.4S 



4.09 

5.99 



3.92 

6.01 



4.63 

5.92 



4.74 

5.87 




6.2S 

7.54 



5.97 

6.71 



5.74 

6.81 



5.77 

6.70 



5.86 

6.67 

Average 

4.49 

5.96 

6.89 

Per cent 




difference 

-25 

0 

+16 

100 per cent oxygen 

7.94 

7.44 


and red blood 

6.92 

6.85 


cells 

8.10 

8.76 



7.80 

7.87 




7.09 

7.54 


j 

6.16 

6.48 


i 

6.01 

6.15 


i 

7.S5 

S.36 



8.43 

8.23 

Average 

7.69 

7.49 

7.35 

Per cent 

difference — 

+3 

0 

-2 


TABLE 3 

The lack of influence of osmotic pressure on 
the Qo-of rat diaphragm in the presence of 
red blood cells, gas phase — air or oxygen 


Portions of the same rat diaphragm are 
compared in each case 


CONDITIONS 

Qo 2 

NaCl— 
130 m.e./ 
liter 

Sucrose— 
75 m.e./ 
liter 

NaCl 
150 m.e./ 
liter 

NaCl— 
150 m.e./ 
liter 

Glucose- 
75 m.e./ 
liter 

Air and red blood 

5.39 

5.55 


cells 

5.90 

5.99 



5.66 

5.59 



5.9S 

5.88 



5.79 

6.06 




5.99 

6.19 



5.69 

5.58 



6.20 

6.68 



5.S9 

5.90 

Average 

5.81 

5.77 

5.87 

Per cent 




difference — 

+1 

0 

+1 

100 per cent oxygen 

8.10 

7.30 


and red blood 

7.32 

7.36 


cells 

7.80 

7.19 



6.7S 

6.79 




7.59 

7.79 



5.5S 

5.69 



S.20 

S.78 



7.19 

6.90 

Average 

7.16 

7.15 

7.29 

Per cent 

difference 

0 

0 

+2 


The Qo.’s of the diaphragms of these rats were determined at the physiologically 
normal concentration of 150 m.e. /liter of NaCl. 

The oxygen consumptions of the diaphragms of three such animals, done in 
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duplicate, were as follows: 4.51, 5.08, Av. = 4.79; 5.69, 5.59, Av. = 5.64; 5.36, 
5.35, Av. = 5.36. These values are significantly lower than the Q 0 „’s of normal 
rats at the same NaCl concentration, as shown in table 1. 

These results seemed to confirm the difference between the living a nim al and 
tissue in vitro as regards the effect of varying the NaCl concentration, but offered 
no explanation. It occurred to us that another difference between the two sets 
of conditions was the presence of red blood cells in the living system and their 
absence in vitro. 

(c) The influence of NaCl concentration on the Q 0l of rat diaphragm, in the pres- 
ence of red blood cells, gas phase — air . The data in table 2 show that when in 
vivo conditions are more closely approximated (in the presence of red blood 
cells, gas phase = air) the influence of NaCl concentration on the Q 0 . of isolated 
muscle can be demonstrated. The effect of the NaCl is apparently exerted on 
the tranfer of oxygen from the red blood cells to the acceptors in the muscle, 
for when 100 per cent oxygen is substituted for air, the NaCl concentration loses 
its effect. This explains why the influence of NaCl was so readily demonstrable 
in the living organism, but did not manifest itself under the ordinary conditions 
of in vitro work. The amount of oxygen dissolved in the medium, when it is in 
contact with 100 per cent oxygen, must be at or above the maximum which ob- 
tains in the blood plasma of the living organism. 

The mechanism by which NaCl influences the transfer of oxygen from red 
blood cells to tissue is somewhat clarified by other of our findings. The altered 
osmotic pressure of the medium does not appear to be a factor since equi-osmotic 
amounts of glucose or sucrose were without significant influence (table 3). 
However, it was found that a solution of hemoglobin, obtained by laking red 
blood cells and discarding the cellular elements, could substitute for red blood 
cells in demonstrating the influence of NaCl. For example, the differences in 
Qo, between NaCl concentrations of 100 and 150 m.e./liter in the presence of 
hemoglobin, gas phase = air, were as follows : 4.09 vs. 5.66, 4.51 vs. 5.68, 4.55 
vs. 5.89, 4.90 vs. 6.06, Av. = 4.51 vs. 5.82. It seems likely, therefore, that NaCl 
acts by influencing the rate of dissociation of oxygen from hemoglobin and hence 
its availability to the tissues. The influence of NaCl on the dissociation of oxy- 
hemoglobin has been previously demonstrated (10). 

SUMMARY 

The influence of the concentration of NaCl in the blood plasma upon oxygen 
consumption previously demonstrated in living animals, has been paralleled in 
vitro. The in vitro demonstration is possible only when the conditions more 
closely approximate the physiological than thej r ordinarily do. The effect is 
not apparent when tests are made in the absence of red blood cells or hemoglobin, 
and when the gas phase is 100 per cent oxygen. It is readily demonstrable in 
the presence of red blood cells or hemoglobin, and when the gas phase is air. 
Substituting oxygen for air in the latter case abolishes the effect. It is concluded 
that the NaCl acts both in vivo and in vitro (under physiological conditions), 
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by influencing the rate of dissociation of oxygen and hemoglobin, and thus 
affecting the amount of oxygen available for use by the tissues. 
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The effect of the gonadotropic complex of the pituitary gland of certain a nimals 
is increased when it is injected with various substances which are themselves 
inactive in the stimulation of the ovaries of immature rats. These substances 
or augmenters include tannic acid (1), copper (2) and zinc salts (3, 4, 5), yeast 
extract and ash from yeast (2), male urine (6), blood serum (7), leucocytes (8), 
egg albumin (9), merthiolate (10) and chlorophyll (11, 12). Casida (13) found 
that the formed elements of blood augment gonadotropic extracts of sheep 
pituitary powder while McShan and Meyer (14, 15) separated the hemoglobin 
from the blood of the cow into heme and globin and found that the heme was 
an effective augmenter of the gonadotropic hormone of sheep, hog, man, cow 
and chicken pituitary glands. 

These augmenters were usually tested by administering them with a basic 
dose of the gonadotropic extract which would when given alone stimulate the 
ovaries of immature rats measurabty. As a rule the assays of pituitary gonado- 
tropic extracts have been based on the administration of varying amounts over 
a constant period of time, and in testing for augmentation a known amount of 
the extract was combined and given with a known amount of the augmenter over 
the same period of time. However, in regard to the assay of gonadotropic ex- 
tracts Fluhmann (16) gave a constant amount of sheep pituitary extract to 
immature rats over 5, 10, 15 and 20 days, and found that the ovarian weights 
were greater at 5 days than at 10, 15 and 20 days. Deanesfy (17) found that 
when the injection period and amount of pituitaiy gonadotropic extract given to 
immature rats were varied the ovaries increased in weight during the first 10 
days, were rather constant from 10 to 20 days, but decreased in weight during 
the 20 to 30 da}*- period. , 

No systematic study has been made therefore of the ovarian weight response 
produced in immature rats by the pituitary gonadotropic complex when the 
amount of hormone, the period of administration and the age of animals are 
varied, and when under the same conditions the hormone is augmented bj r an 
effective augmenter such as heme. As far as we are aware no report has been 
made on the relationship of the fresh weight to the dry weight of the ovaries 
stimulated by the extract and those stimulated by the combination of the 
extract and augmenter, and the effect that corpora have on this fresh weight-dry 

1 Paper from the Department of Genetics No. 306, Wisconsin Agricultural Experiment 
Station. This work was supported in part by a grant from the Alumni Research Foun- 
dation. 
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weight relationship. This report is concerned with the presentation of the results 
obtained in the study of these factors and relationships. 

An experiment was devised to stud}' the effect of four different experimental 
factors upon the ovarian reaction of an unfractionated aqueous extract of pitui- 
tary. These factors were dosage of pituitary, presence or absence of a quantity 
of hemin 2 in the injection preparation, total number of injections, and age of the 
experimental rats. Four different dosages of pituitary extract were used: 3, 6, 
12 and 24 mgm. -equivalent of acetone desiccated sheep pituitary per injection. 
One half of the rats received 0.5 mgm. hemin per injection mixed with the 
pituitary extract; the other half received no hemin. A comparison was made 
between rats 21 days of age and those 31 days of age at the beginning of the 


TABLE 1 

Average ovarian weight and ■percentage ovarian solids for pairs of rats on different treatments 


NO.OFINJS. 


MGM. PER 
INJ. 

4 

8 

12 

16 

20 



Age (days) 

t-a 

K 

o 

C 

21 

31 

21 

31 

21 

31 

21 

31 

21 

31 

E 

w 



Average ovarian weight, mgm. — 

Average percentage ovarian solids 


3 

o.oj 

14-21.4 

23-23. G 

14-20.4 

21-21.0 

12-24.4 

20-22.5 

11-23.6 

14-23.6 

10-23.5 

25-22.S 


0.5 

22-19.0 

25-21.4 

36-15.6 

38-19.8 

38-15.8 

52-21.8 

82-14.9 

47-21.4 

34-17.6 

150-20.8 

6 

0.0 

20-20.4 

25-20.7i 

21-20.8 

54-18.0 

22-21.0 

74-18.6 

30-22.1 

40-21.0 

22-21.9 

58-21.7 


0.5 

32-1S.0 

50-18.4 

106-15.4 

126-16.8 

266-13.3 

162-18.0 

378-16.9 

258-15.8 

5S0-16.4 

372-18.4 

12 

0.0 

22-20.4 

45-1 S.l 

50-18.8 

74-1S.8 

50-21.1 

88-19.6 

44-22.2 

59-20.4 

49-20.0 

121-19.9 


0.5 

48-17.4] 

56-17.0 

143-15.8 

190-16.4 

355-15.6 

346-16.4 

434-16.6 

589-17.0 

474-18.6 

698-17.8 

24 

1 | 

0.0,34-17.4 

60-17.0 

7S-18.2 

134-17.9 

84-21.2 

152-20.3 

64-21.5 

101-20.0 

68-20.8 

107-19.6 


0.5'o0-16.7 

i | 

108-14.1 

145-16.4 

180-16.3 

252-16.2 

277-17.2 

246-18.3 

431-18.2 

372-17.6 

556-19.4 


experiment. Five different numbers of injections were used, namely, 4, 8, 12, 
16 and 20 (2, 4, 6, 8 and 10 days of injection). 

The animals were injected twice daily, in the morning and evening, with f cc. 
of the proper preparation and all injections were made subcutaneously. Autopsy 
was performed approximately 12 hours after the last injection. After the ovaries 
were removed and weighed, they were placed in a desiccator over sulphuric acid 
and left at room temperature until they came to a constant weight. From this 
treatment the percentage of solids was determined. 

One hundred sixty rats (80 random pairs) were used in tins experiment; no 
two pairs of rats received exactly the same treatment with respect to all four 
factors (table 1). In other words, all possible combinations of treatments were 
made. This meant that all dosages of pituitary were combined with all different 

1 The hemin was dissolved in weak sodium hydroxide, thus yielding “heme” which is 
the augmenting form of the substance. 
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numbers of injections for both age groups, with and without addition of hemin 
to the pituitaiy preparations. There was no intention of establishing the 
significance of the difference between any particular combination of treatments 
and any other particular combination. Onl\ r the more generalized effects of the 
factor’s under study were being sought. 

It is not known definitely that the percentage of ovarian solids varies directly 
with the degree of luteinization. A determination was made of solids, however, 
in the belief that it gives an inverse quantitative indication of the degree of 
follicular stimulation, the degree of which ordinarily is estimated qualitatively. 
This belief is presumed from the usual lower percentage of solids in body fluids 
than in organ tissues. 

The experiment was of such a nature that the results could be studied by 
analysis of variance and the data will be presented from the point of view of such 
an analysis. 

Experimental results and discussion. Casual inspection of the data 
(table 1) would lead one to suspect that all four of the factors being studied were 
a source of variation both in ovarian weight and percentage ovarian solids. 
Calculations of the over-all range in results from the different treatments show 
the average ovarian weight for the SO rats which received pituitaiy extract alone 
was 50 mgm. The addition to the extract of 0.5 mgm. hemin per injection to 80 
other rats similarly treated in other respects produced 220 mgm. ovaries. The 
hemin-treated rats, therefore, showed ovarian weight approximately 440 per cent 
of the weight of those rats treated with pituitaiy alone. The 40 rats on each 
of the 3, 6, 12 and 24 mgm. dosages of pituitaiy, irrespective of other treatments 
combined with them, showed average ovarian weights of 34, 135, 196 and 154 
mgm. In the experiment as a whole, therefore, there was a tendency for ovarian 
weight to reach a plateau at the 12 mgm. dosage level. Ovarian weights of 40, 
88, 138, 176 and 232 mgm. were shown by respective groups of 32 rats on the 
4, 8, 12, 16 and 20 injections. Rather uniform increases of ovarian weight oc- 
curred with the increase in number of injections throughout. The averages for 
the 21-day and 31-day rats showed 120 and 150 mgm. ovaries, respectively. 
Statistically, the probability of the variation associated with above factors, being 
due to chance alone was less than 0.01 (table 2 — Hemin, AP, Inj., Age). 

Hemin, pituitaiy dosage, and number of injections all produced a marked 
effect upon the percentage of ovarian solids. Age, however, showed an effect 
which was only on the margin of significance (table 2). The percentage of solids 
in the ovaries from rats treated with pituitary alone was calculated to be 20.6. 
This is to be compared with 17.4, the average percentage of solids in the ovaries 
of rats receiving both pituitaiy and hemin and a difference of 3.2 per cent. The 
percentages of solids for the different pituitary dosages were 20.8, 18.6, 18.4 and 
18.2, respectively, for the 3, 6, 12 and 24 mgm. levels. The three higher dosages 
showed from 2.2 to 2.6 per cent less solids in the ovaries than the 3 mgm. dosage. 
The solids showed a decline from 18.8 to 17.9 per cent between the 4 and 8 
injection treatment but there was an increase to 19.0, 19.6 and 19.8, respectively, 
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for 12, 16 and 20 injections. As stated above, the effect of age was questionable, 
the percentage solids for the 21-day old rats being 18.8 and for the 31-day, 19.2 
Within the limits of the different variables studied in this experiment, the 
variation in terms of mean square (table 2) which was produced by hemin ex- 
ceeded that produced by any other one factor. This was true both for ovarian 
weight and for the percentage of ovarian solids (table 2). 


TABLE 2 

Analysis of variance in ovarian characters 


CAUSE OF VARIATION 

D/F 

OVARIAN' WEIGHT 

1 .. . . 

PERCENTAGE OVARIAN SOLIDS 

Mean square 

F 

Mean square 

F 

Hemin 


1,145,146 


431.98 

332.3* 

AP 


205,722 

116.2* 

54.83 

42.2* 

Inj 


178,123 

100.6* 

17. S2 

13.7* 

Age 


37,303 

21.1* 

5.07 

3.9f 

Hemin x AP 

3 

97,699 

55.2* 

5.47 

4.2* 

Hemin x inj 

4 

148, 2S1 

83. S* 

S.30 

6.4* 

Hemin x age 

1 

140 

o.ost 

54.64 

42.0* 

AP x inj 

12 

16,880 

9.5* 

4.82 

3.7* 

AP x age 

3 

20,510 

11.6* 

16.74 

12.9* 

Inj. x age 

4 

2,503 

1.4t 

o.so 

0.6f 

Hemin x AP x inj 

12 

13,460 

7.6* 

0.90 

0.7f 

Hemin x inj. x age 

4 

2,614 

1.5i 

5.84 

4.5* 

Hemin x AP x age 

3 

14,263 

S.l* 

6.50 

5.0* 

AP x inj. x age 

12 

4,211 

2.3St 

1.35 

l.Oi 

Hemin x AP x inj. x age 

12 

3,971 

2.24f 

2.00 

1.5t 

Error 

80 

1,770 


1.30 


Total 

159 

25,957 


6.83 



Hemin = Presence and absence of hemin. 

AP = Different dosages of pituitary extract. 

Inj. = Different numbers of injections administered. 

Age = 21 and 31 day old rats. 

* = P <0.01. 

f = P 0.01-0.05. 

t = P >0.05. 

The various interactions in which hemin is involved (table 2) indicate the 
effects of the other three factors, alone or in combination, upon hemin action, 
i.e., upon augmentation in milli grams of ovarian weight or upon decline in 
percentage ovarian solids. 

The effects of number of injections and pituitary dosage upon action of hemin 
were about equal in causing variation both in augmentation of ovarian weight 
and decline in percentage of ovarian solids (table 2 and fig. 1). Age, however, 
in the experiment as a whole, modified the hemin effect only with respect to 
ovarian solids, where, as a matter of contrast, it was more effective than either 
pituitary dosage or number of injections. 
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The effects of variation in pituitary dosage upon augmentation in ovarian 
weight were modified about equally by age differences and differences in the 
number of injections. The results of differences in the number of injections on 
the other hand were affected by variations in pituitary dosage but not by dif- 
ferences in age. Age, however, although not capable of modifying augmentation 
in the experiment as a whole, did affect differentially the augmentation on dif- 
ferent pituitary dosages. This was not true so far as different numbers of injec- 
tions were concerned. 

As stated above, age proved to be the most effective agent in modifying the 
effects of heroin upon ovarian solids. The effects of age, however, were in turn 
modified by the numbers of injections and by r the pituitarj' dosage. If we now 
look at the variation in ovarian solids due to hemin but from the standpoint of 
the pituitary dosage, we find that it in turn is modified by variations in age but 



Fig. 1. Cause of variation in action of hemin upon ovarian characters. The broken 
arrows indicate that no significant effect of the factor was found. The branched arrows 
represent interaction of two factors. The numbers on the arrows indicate their rank in 
importance for causing variation; this ranking is based on the mean squares from table 2. 
A rank of 1 indicates a more important cause of variation than a rank of 2. All factors given 
the same rank were approximately equal in importance. 

not by variations in numbers of injections. Again viewing it from the number of 
injections, we find that it was modified by age but not by pituitary dosage. 

Augmentation in excess of 500 mgm. of ovarian weight has occurred on several 
different treatments within this experiment. The largest pair of ovaries ob- 
- tained weighed 730 mgm. and this was in a rat 32 days of age at the time of 
autopsy, which had been treated for 10 days. It is believed that this degree of 
stimulation of the ovary is in excess of any previously reported for rats below 
the age of puberty. 

In general, factors of an unknown sort appear to limit the attainable ovarian 
weight from injection of pituitary extract alone. This seems to be true -whether 
increases in dosage are made with a constant treatment-interval or with an 
increasing treatment-interval. The addition of hemin to pituitary extract raises 
the limits for ovarian w r eight whether duration of treatment is held constant or 
is increased. , The data emphasize the relatively low efficiency realized from 
unfractionated extracts alone and also point out that the ovary is capable of 
much greater reaction than is generally appreciated. 
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It lias been shown (manuscript in preparation) that the percentage of ovarian 
solids is correlated with augmentation in ovarian weight (—0.70). The authors 
have developed the impression that there is a negative association between the 
percentage of ovarian solids and the degree of luteinization of the ovary. Meth- 
ods of gathering objective data on the latter have not been devised, however, so 
the impression is a subjective one. The data support the statement, though, 
that hemin increases the water content of the ovary both on an absolute and a 
percentage basis. It is believed that this implies a modification of the physi- 
ological stimulation exerted on the ovary by the pituitary preparation. The 
balance between the follicle-stimulating and the luteinizing activities would 
appear to be altered by hemin. Greater emphasis seems to be exerted upon 
fluid storage in the follicles and less upon luteinization by the interacting hemin- 
pituitary preparation than by pituitary extract alone. 

SUMMARY 

The addition of hemin to pituitaiy gonadotropic extracts produced augmenta- 
tion of ovarian weight and a decline in percentage of ovarian solids. The ability 
of three factors: age of test animal, dosage of pituitary extract and number of 
injections to cause variation in these effects of hemin was studied in an experi- 
ment involving 160 immature rats. 

Variation in augmentation of ovarian weight was caused by: 1. Pituitary dos- 
age. 2. Number of injections. 3. Pituitary dosage interacting with number of 
injections. 4. Pituitaiy dosage interacting with age of rat. 

Variation in decline of percentage of ovarian solids was caused by: 1. Pituitary 
dosage. 2. Number of injections. 3. Age of rat. 4. Age of rat interacting with 
pituitary dosage. 5. Age of rat interacting with number of injections. 
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In motion picture studies in which respiratory changes in the output of the 
right and left ventricles were estimated separately in dogs with the chest closed, 
Shuler, Ensor, Gunning, Moss and Johnson (1942) found that during inspiration 
the output of the right ventricle increased, while the output of the left ventricle 
decreased. These inspiratory changes (which were reversed in expiration) were 
interpreted as due to a, an aspiration of blood into the right ventricle, and b, 
an increase in the pulmonary vascular capacity such that the filling and stroke 
volume of the left ventricle decreased. 

The experiments here reported were designed to test the validity of these 
interpretations under somewhat simplified conditions using isolated terrapin 
hearts and terrapin heart-lung preparations perfused with Ringer’s solution. 
The preparations were placed in a closed chamber representing the mammalian 
thorax, in which the pressure could be changed in a manner simulating the 
mammalian respiratory movements (see table 1). 

In one series of experiments the terrapin heart alone was perfused, to simulate 
the right chambers of the mammalian heart, and its output measured by counting 
drops pumped from the aorta. When the heart was subjected to a negative 
pressure of one and a half inches of water (duplicating inspiration) the ventricular 
filling and stroke volumes increased two- to three-fold. This procedure re- 
sembled the inspiratory aspiration of blood into the mammalian right ventricle 
and the consequent increased output into the pulmonary artery. 

In a second series the ventricle plus the lungs on its arterial side were perfused 
to simulate the right heart chambers plus the lungs of the mammal, and the blood 
flow from the pulmonary vein was measured. The flow decreased during “inspi- 
ration,” shoving that the increased capacity of the pulmonary vessels exceeded 
the increased output of the ventricle. This corresponds to a pooling of blood in 
the pulmonary bed in mammals during inspiration, so that the flow of blood into 
the left ventricle decreases even though the flow into the lungs increases. 

In a third series the heart plus the lungs on its venous side were perfused to 
simulate the mammalian lungs and left heart chambers. In this series the out- 
put of the heart into the aorta fell when the “intrathoracic” pressure was low- 
ered, corresponding to the lowered output of the mammalian left ventricle during 
inspiration. In both cases the lowered output results from decreased diastolic 
filling which, in turn, is a consequence of an increased fluid retention in the larger 
vascular bed of the lungs. 

Thus, the various respiratoiy mechanical effects on blood flow in the mam- 
malian chest were analyzed stepwise in three simple experiments. 
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In the light of these quantitative findings it seemed desirable to attempt to 
quantitate the respiratory changes in the capacity of the.mammalian lung vessels, 
and to correlate them with the c 3 r clic respiratory fluctuations in right and left 
ventricular output. Such observations should reveal whether or not the in- 
creased capacity of the pulmonary vessels in inspiration is sufficient to accom- 
modate the extra blood pumped by the right ventricle in that phase of res- 
piration. 

The excised lungs of dogs were placed in a closed chamber representing the 
thorax. The trachea communicated with the exterior, and the pulmonary ves- 
sels, filled with blood treated with chlorozol fast pink to prevent coagulation, 
communicated with calibrated glass cylinders placed nearly horizontally at a 
height of six inches above the liilum of the lungs. The lungs were inflated by 
a negative “intrathoracic" pressure of four inches of water to simulate normal in- 

TABLE 1 


Summary of three series of experiments on terrapin hearts and heart-lung preparations, with 
analogies in the mammalian circulation, and the results obtained 


SERIES ; 
NO. 

TERRAPIN PREPARATION 
PLACED IN A CLOSED 
CHAMBER (“THORAX”) 
AND SUBJECTED TO 
NEGATIVE PRESSURES | 

(“inspiration”) 

PREPARATION 
SIMULATES IN THE 
MAMMALIAN CIRCU- 
LATION: 

FLOW IN PREPARA- 
TION MEASURED 

from: 

RESEMBLES FLOW 

IN MAMMALIAN 
CIRCULATION INTO*. 

EFFECT PRO- 
DUCED BY LOW- 
ERING THE 
PRESSURE 

(“inspiration”) 

l 

Heart alone 

Right heart 

Aorta 

Pulmonary 
! artery 

Increase 

2 

Heart, plus lungs 
on arterial side 

Right heart 
and lungs 

Pulmonary 

vein 

Left heart 

Decrease 

3 

Lungs (on ve- 
nous side) plus 
heart 

Lungs and left 
heart 

Aorta 

Aorta 

Decrease 


spiration, and deflated by a return to negative one inch of water pressure to simu- 
late normal expiration. By means of changes in the meniscus of the blood in 
the calibrated cylinders the volume changes in the pulmonary vessels were 
measured. 

For a ten kilogram dog these changes in pulmonary vascular capacity were 20 
to 29 cc. (average 25 cc.) of blood in each inspiration or expiration. Attempts 
to measure these changes by other methods (Tigerstedt, 1903, 1907; Spehl and 
Desquin, 1909) have revealed similar volume changes. 

Analysis 1 of the data published by Shuler and co-workers (1942) reveals that, 
in inspiration, the excess in output of the right ventricle over that of the left 
ventricle varies (in the respiratory cycles analyzed) between 18.7 cc. and 32.7 cc. 
in dogs weighing 10 kgm. and averages 27.1 cc., which closely approximates the 

1 This involves the assumptions that the average left or right ventricular stroke volume 
in dogs is 1.9 cc. per kgm. body weight (Henderson, 1923), and that the area changes 
measured by Shuler provide a means for estimating approximate volume changes. 
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inspiratory increase in pulmonary vascular capacity (averaging 25 cc. for a 10 
kgm. dog) measured in the experiments here reported. 

These observations indicate that the respiratory changes in pulmonary vas- 
cular capacity are approximately equal to the respiratory differences in the 'out- 
put of the right and left ventricles and lend further weight to the interpretations 
of Shuler and co-workers. 

The changes in pulmonary vascular capacity are not apparent in the pul- 
monary arterioles and capillaries when these vessels are observed directly in the 
normally respiring mammal (Wearn, Ernstene, Bromer, Barr, German and 
Zschiesche, 1934). . Therefore it seems likely that they occur mainly in the 
pulmonary veins, which are the largest pulmonary vessels, with thin distensible 
walls. Since Boyd and Patras (1941) have shown that even the relatively thick 
walled ventricles are affected by the intrathoracic pressure changes, it is likely 
that the pulmonary arteries also participate in the capacitjr changes. 

Further analysis of the data of Shuler and co-workers (1942) indicates that the 
stroke volume of the right ventricle increased three to three and a half fold during 
inspiration, while the left ventricular stroke volume increased less than 50 per 
cent during expiration. These changes together with the changes in pulmonarj' 
vascular capacity clarify the concept of the respiratory action on the blood flow. 
Blood enters the lungs in increased volumes in inspiration at the time when the 
partial pressures of the gases in the blood differ most from those in the lungs, 
assuring efficient aeration. Blood leaves the lungs in a more nearly continuous 
flow, promoting a greater constancy of flow in the systemic vessels. If the 
changes in pulmonary vascular capacity occur largely in the pulmonary veins 
there is little if any inspiratory increase in the volume of blood in the capillaries 
where gaseous exchange occurs, yet there is apparently a greater volume flow 
through the lung capillaries during inspiration than during expiration so that 
efficiency of aeration is probably promoted. 

SUMMARY AND CONCLUSIONS 

1. Under simplified conditions, using perfused terrapin hearts and heart-lung 
preparations enclosed in an artificial thorax, the following effects of inspiration 
upon the mammalian heart were simulated: 

a. Aspiration of blood into the right heart with a resulting increase in output. 

b. An increased capacity of, and retention of blood in, the pulmonary vascular 
bed, reducing the flow of blood through the pulmonary vein. 

c. A decreased filling and output of the left ventricle. 

2. The changes in vascular capacity of excised dog’s lungs accompanying 
inflation by an “intrathoracic” negative pressure of four inches of water and 
deflation by a return to atmospheric pressure were measured. 

3. The magnitude of the increase in pulmonary vascular capacity in inspira- 
tion was found to be adequate to accommodate the extra blood pumped by the 
right ventricle in inspiration, as estimated from Shuler’s results. 

4. The respiratory changes in pulmonary vascular capacity probably occur 
chiefly in the veins. 
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All hormonally active steroids examined up to the present time possess some 
degree of folliculoid activity (1-5). It has been postulated that certain common 
actions of steroids with otherwise vastly different pharmacological properties 
are due to the fact that they are all endowed with some folliculoid activity. 
Among the best studied folliculoid effects common to the steroid hormones are 
the ability to cause at least transitory vaginal cornification, uterine enlarge- 
ment, mammary gland development, thymus involution, atrophy of the Leydig 
cells and the spermatogenic epithelium in the testis as well as to prevent the 
development of castration cells in gonadeetomized rats. To mention only the 
most prominent representatives of the various groups of steroids one may say 
that these effects are exhibited by estradiol, testosterone, progesterone and des- 
oxycorticosterone, but that the degree of this activity decreases in the order in 
which the compounds are mentioned. That all these apparently unrelated 
effects are really subordinate manifestations of a single (namely, the folliculoid) 
action, received further support by the observation that a striking parallelism 
exists between the degrees to which these effects are exhibited at the same time 
by an3 r one compound. This theory has proved practically applicable inasmuch 
as it has frequently permitted the prediction of the degree to which a compound 
would exhibit the various folliculoid activities at a time when it had been exam- 
ined for only one of these manifestations. Thus, for instance, a steroid having 
a pronounced anti-thymus effect invariably proved to be potent with regard to 
its anti-Leydig cell action and vice versa (6). 

It may be asked that if all the above-mentioned effects arc merely manifes- 
tations of a single pharmacological activity, how is it possible that in the case 
of certain compounds some actions ( e.g . vaginal cornification, involution of the 
spermatogenic epithelium) are not manifest under all experimental conditions. 
We believe that this is due to the fact that some folliculoid effects are inhabitable 
and can be masked by other steroid hormone actions. The correctness of this 
assumption has been proven by actual experimentation since it was shown that 
the destruction of the spermatogenic epithelium (7) or the cornification of the 
vagina (8) normally elicited by estradiol or estrone is completely prevented if 
either progesterone or testosterone is administered simultaneously with the 
folliculoids. Since even the effects of added pure folliculoids are thus masked 
by luteoid and testoid compounds, it is hardly surprising that the slight follicu- 
loid activity inherent in the testosterone or progesterone molecule can also be 

1 Working under a grant from the Banting Research Foundation. 
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masked in this manner under certain experimental conditions. This further 
elaboration of our theory likewise proved of heuristic value inasmuch as it 
helped to explain the rather surprising fact that small doses of testosterone cause 
testis atrophy, while large doses tend to exhibit the opposite effect. It has been 
assumed, in agreement with the above considerations, that the production of 
testis atrophy is due to the folliculoid effect of testosterone which endows the 
compound with an anti-spermatogenic action. At low dose levels this effect is 
overt, while at high dose ranges it is masked by the independent spermatogenic 
action of the compound. The fact that depending upon the dose level one or 
the other of these two activities prevails, can readily be explained if we assume 
that the effective threshold for the spermatogenic action is much higher than 
that of the anti-spermatogenic action; hence at low dose levels the former can- 
not manifest itself. That this explanation is correct was shown by the adminis- 
tration of a mixture containing a constant proportion of A 5 -androstene-3(/3) ,17 
(a)-diol and a-estradiol. The former compound is spermatogenic at all effective 
dose levels (apparently because it possesses comparatively slight folliculoid 
properties), while the latter substance is, of course, intensely anti-spermatogenic. 
As we predicted on the basis of our theory, this mixture proved to cause testis 
atrophy at a low, but not at a high dose level (9). 

The experiments upon which we should like to report in this communication 
have been planned in the hope that our theory might also help to explain the 
rather •contradictory results recorded in the literature concerning the production 
of vaginal cornification in spayed rodents with various androstane and alkyl- 
substituted androstane derivatives. With many of these compounds some work- 
ers obtained marked vaginal cornification at low dose levels, while others were 
unable to confirm such an “estrogenic” effect although much higher doses were 
used. It will be recalled that we (8) found that if small doses of estrone are 
administered simultaneously with large doses of progesterone the vagina corni- 
fying effect of the former is inlffbited by the latter and vaginal mucification 
results. In these experiments 400 y of progesterone were required to inhibit 
the' action of estrone. Subsequent investigators (10-13) essentially confirmed 
these observations but the ratio between estrone and progesterone necessary 
to inhibit the cornifying effect of the former differs greatly in these publications 
and it has not been possible to establish just how much progesterone is needed 
to mask this effect of a given dose of a folliculoid. According to our theory tiffs 
is understandable since the effect depends not only upon the ratio between the 
two steroids, but also upon the dose level tested. At low dose ranges we would 
expect the folliculoid and at high dosage levels the luteoid action to prevail. 

The following experiment shows that in this case prediction on the basis of 
our theory again received support from actual observations. 

Twelve female albino rats weighing 160-175 grams were spayed and two days 
later divided into two groups of six animals. Group I received a mixture of 0.5 
mgm. of progesterone and 25 y of a-estradiol dissolved in 0.2 cc. of peanut oil 
per day. Group II was given 10 mgm. of progesterone and 500 y of a-estradiol 
in 0.2 cc. of peanut oil per day. The daily dose was administered in two subcu- 
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taneous injections in both these groups, treatment being continued for ten days. 
The animals were sacrificed twenty-four hours after the last injection. In this 
manner group II received twenty times as much of the same hormone mixture 
as was given to group I. All other experimental conditions in the two groups 
were identical. Daily examination of the vaginal smears throughout the experi- 
mental period indicated that all animals of group I showed continuous estrus 
throughout the experiment, while those of group II revealed only transitoiy vag- 
inal estrous changes during the first two. days. At autopsy the uteri of group 
I were greatly dilated with fluid exhibiting a typical estrous appearance, while 
in group II the dilatation was much less evident. Thus it appears that at a low 
dose level our hormone mixture caused continuous estrus, while this was not the 
case at the high dose level. 

Figure 1 is a schematic drawing which will help to visualize the interaction 
between the two hormones. The vaginal cornifying effect seen with increasing 



DOSAGE 


Fig. 1. Diagram showing manifest and masked activities of steroids. Solid line repre- 
sents manifest and interrupted line masked activities. 


doses of estradiol rapidly reaches a maximum above which it is not significantly 
enhanced by raising the dose. On the other hand the degree of progesterone 
response rises very slowly but continues to increase over a wider dose range. 
Hence at low dose levels the fofliculoid and at high dose levels the luteoid action 
will be manifest. It may be said that the transitory vaginal estrus obtainable 
with all hormonally active steroids can also be explained on the basis of these 
observations since it must be assumed that the slight folliculoid activity inherent 
in such compounds as testosterone, progesterone and desoxy corticosterone could 
only be manifest at very low dose levels in the face of their strong inhibitory 
actions. Thus signs of vaginal stratification and cornification are detectable 
only during the first few days of treatment when the hormone concentration in 
the body is still low. It will be noted that our schematic drairing can equally 
well be used to illustrate either the effect of a single compound endowed with 
folliculoid and luteoid activity or of a mixture of a folliculoid and a luteoid com- 
pound. Depending upon the relative amounts of these . two actwities present in 

■ 

s* w 




102 


ELEANOR CLARKE AND HANS SELYE 


a single steroid or a mixture, the point at which the two curves cross will shift to 
the left or right and the effective dose range of the folliculoid activity will become 
smaller or larger respectively. 

In conclusion we wish to re-emphasize the broader implications of these obser- 
vations concerning the interpretation of hormonal actions in general. It has 
often been claimed that if a crude extract of an endocrine gland can be separated 
into two fractions with qualitatively different effects, one may assume that two 
distinct hormones are present which have at least partially been separated. 
The above observations show that this type of argument is not conclusive 
since qualitatively different effects (cornification or mucifieation) may be ob- 
tained with a mixture containing a constant proportion of two hormones depending 
upon the dose level tested. It is essential, therefore, in the case of comparatively 
impure extracts to test the activity of each fraction over a wide dose range before 
claiming that a separation into distinct principles has been effected. 

SUMMARY 

Experiments on spajmd rats indicate that a mixture containing a constant pro- 
portion of progesterone and a-estradiol causes vaginal cornification at low T , but 
not at high dose levels. The experiments arc taken to support the concept 
according to which the transitory vaginal cornification elicited in the spayed 
rodent by all hormonally active steroids is due to the fact tliat these compounds 
contain a certain amount of folliculoid activity. This is manifest during the 
first few' days of treatment when the hormone concentration in the body is still 
low r but becomes masked w r hen this concentration rises above a certain level. 
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a grant of the Rockefeller Foundation. The authors are indebted to Dr. Erwin 
Schwenk of the Schering Corporation of Bloomfield, N. J., for supplying the 
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The data given here were obtained some time ago (1939) but their publication 
is considered worthwhile because they are evidently the first definite proof 
that the renal nerve-supply does not affect renal tubular secretion: at least with 
regard to water, chloride, and phenol-red. 

The antecedant contributions, too numerous to be mentioned here, have 
shown or have failed to show differences in the rate of excretion of various sub- 
stances between the denervated and the innervated kidney. In no instance, 
however, was the rate of filtration known; consequently the amoimt resorbed 
or the amount outwardly secreted, as the case may have been, was unknown. 
With the introduction of the inulin-clearance as a direct measure of glomerular 
filtration, simultaneously by Shannon (1934) and Richards, Westfall and Bott 
(1934), it has become possible to find the fraction of material resorbed or out- 
wardly secreted. Incidentally, in the dog, the creatinine-clearance is equal to 
the inulin-clearance (Shannon, 1935a). 

The amount of substance resorbed per unit time can be easily calculated: 

Amount resorbed = Amount filtered — Amount excreted 

The amount filtered equals the rate of filtration of plasma multiplied by the 
concentration of the free substance in the plasma, or, more strictly, in the 
plasma-water. All the Cl in the plasma is free. The amount of water filtered 
per unit time is taken equal to the rate of glomerular filtration (=inulin- or 
creatinine-clearance). This assumes that the volume occupied by the non- 
filterable constituents of the plasma is negligible. 

For a substance which is outwardly secreted: 

Amount secreted = Amount excreted — Amount filtered 

Phenol-red is such a substance but the amount of it filtered was not known be- 
cause the protein-bound fraction was not ascertained. The relative activity 
of the tubules of both kidneys with regard to PR-secretion could, however, be 
estimated by comparing the ratios of the inulin- and PR-clearances for both 
kidneys (table 1). 

Chloride, water, and phenol-red were chosen as test-substances because they 
are easy to measure and are transported by actual activity on the part of the 
tubules (see Results). 

To make sure of complete denervation, the test-kidney was excised and 
transplanted. 

The surgery was performed by Dr. Kenneth W. Thompson, Department of 
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Surgery, Yale University. To Dr. Robert W. Clarke of the Laboratoiy of 
Physiology, Yale University, the writer owes his initiation into the technique 
of measuring renal clearances and thanks for help throughout. 

Methods. 1 . Surgical. The hound was a young female weighing 15.2 kgm. 
Operation 1. Transplantation of right kidney to right femoral region (Jan. 3, 1939). 
After all was prepared and the right ureter had been mobilised with plenty of fat 
to spare its blood-supply, the right renal pedicle was divided close to the aorta 
and the anastomosis done forthwith. In order to have approximately equal 
ischemia in both kidneys during the operation, the rubber-clamp on the left 
renal pedicle was tightened just after the right pedicle was divided. After the 
anastomosis, the clamp was removed from the femoral artery and the blood was 
allowed to flow through the kidney for 30 seconds. There was no leak at the 
junctions. The femoral and i - enal veins were then anastomosed, after which all 
clamps were immediately removed. The circulation became re-established 
apparently satisfactorily. The blood-supply had been obstructed for 25 to 30 
minutes. The transplanted kidney was firmly sutured in place by tacking fatty 
tissue on all sides of it. After the operation 300 cc. saline plus 10 per cent glu- 
cose were given intravenously. Postoperative convalescence was uneventful. 
Operation 2. Transplantation of central portion of bladder including trigone to 
ventral abdommal wall (Feb. 2, 1939). The bladder was developed with special 
care to preserve the blood-supplv of trigone and ureters. Neither ureter was 
dilated. The bladder was then opened and the distal end of the urethra was 
ligated. The mucous membrane of the bladder was united to the skin of the 
abdominal wall. Saline-glucose was again given intravenously and continued 
subcutaneously a few times during the following week. Convalescence was 
uneventful. The discharge of urine from the ureteral orifices was rhythmical 
throughout the period of study. 

2. Convalescence and training. Duiing the subsequent 2 days, the bladder 
and thigh -region were bathed twice daily with 85 per cent ethyl alcohol. Sub- 
sequently the bladder was washed twice daily with warm sterile saline and warm 
saturated boric acid. There were no signs of infection. The dog was constantly 
vigorous and had a good appetite, normal feces, and a rectal temperature of 
about 38.5°C. Except for the first day after the operation, it was fed milk and 
a pound of meat daily. It gradually increased to normal weight from the initial 
somewhat emaciated condition of January 3. 

Tests during the first week after the operation showed the urine to be acid 
to litmus and alkaline to methyl-orange and methyl-red. There was, however, 
some pus in the urine from the right ureter; but the urine was never malodorous. 
A renal antiseptic was administered: 7.5 grains methyl-amine plus 7.5 grains 
NaHoPCh (as an antibase) were given, with the meat, twice daily. On February 
23, the pus was almost negligible and the antiseptic was no longer given. 
On January 10 glycosuria disappeared but there was always a slight amount 
of protein in the urine from the right ureter. Preliminary measurements of 
urinary flow, depression of the freezing-point, chlorine- and urea-excretion gave 
no evidence of malfunction in either kidney. The concentration of urea in the 
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blood was normal notwithstanding the meat diet. Phenol-red, injected sub- 
cutaneously, appeared simultaneously from both ureters (detected by applica- 
tion of NaHCOa to the exteriorised bladder). 

The dog, which was good-tempered, was trained to lie quietly while strapped 
horizontally to the dog-board. An anesthetic Avas never used outside of the 
surgical operations. 

S. Physiological 'procedure. In some experiments the inulin-clearance was 
used as a measure of glomerular filtration (table 1). The infusion-solution con- 
sisted of 40 grams inulin (Pfanstiehl, c.p., non-pyrogenic to dogs) dissolved at 


TABLE 1 

Two experiments shoiving amounts of water and chlorine resorbed per unit volume of 
glomerular filtrate and the relative potencies of both kidneys to excrete phenol-red 


TIME 


VI III. 

-30 

—15 

0 

10 


— G4 
-37 
-1S 


URINARY 

FLOW 

(cc./min.) 


PLASMA (MGM. 
PER CENT) 


E'RJLVE (MOM. PER CENT) 


Pi 


Inulin 


U 


-I- 


PR 


! ! 

Infusion-expt. with inulin and PR (Feb. 22, 1939) 

About 300 cc. tepid tap-water by gastric tube 

About 250 cc. tepid tap-water by gastric tube 
Infusion-solution enters left ext. jug. vein at a little over 5 cc./min. 

PR is evident from both ureters simultaneously (NaHCOj-test) 


RATIO OF 
CLEAR- 
ANCES 
(LEFT/ 
RIGHT) 


20 

Rate of infusion lowered to 2.5 oc./min. 

25-37 

O.G 

1.1 |337 

1.42 




43.5-50.5 


0.63 361 

1.52 


We§|| 


97-110 

' L 

Si 

1.09 3S0 

I.G4 

390 

m 

8,250 


44.0 

90.5 

117.0 


33. 5 

74.5 
5S.3 


Infusion-expt. with inulin and PR (Mar. 1, 1939) 

About 000 cc. tepid tap-water by gastric tube 
About 500 cc. tepid tap-water by gastric tube 
30 cc. priming solution (10 cc. 0.5 per cent PR; 30 cc. Ringer's; 2 g. inulin) subcutaneously; 


0.79 

0.32 

1.49 


0.71 

0.36 

1.44 


MGM. Cl 
RESORBED/I 

100 cc. 

GLOM. 

FILTRATE 


384.5 377.0 


3S3.9 

385.3 


CC. WATER 
RESORBED/ 
100 CC. 
GLOM. 
FILTRATE 


(A 


377 

373.5 


96.4 

97.4 
97.8 


94. S ( 
97.2! 
95.4 



15 cc. through each side of lateral abdominal wall 







0 

Infusion-solution passes into left ext 

jug. vein at ca. 4 cc./min. 





10 

Rate of infusion lowered to 2 cc./mi 

n 









19-25 

2.5S 

1.58 

170 

1.25 

355 

1,600 

1,750 

16.9 

20.2 

1.49 

1.37 

353.9 

352.1 

89.3 

90.3 

37-42.5 

2.49 

1.38 

229 

1.68 

357 

2,300 

2,250 

22.7 

24.0 

1.85 

1.67 

355 

354 

90.0 

89. S 

71-81 

1.44 

1.16 

294 

1.83 

304 

2,875 

2,750 

27.0 

28. S 

1.31 

1 . 1 9 

361.9 

3G0.S 

89.8 

89.3 

86-94.5 

2.38 

1.82 

315 

1.91 

363 

3,325 

3,300 

31.0 

31.7 

1.32 

1.2S 

361.1 

301.1 

90.5 

90.4 

106.5-116 

2.3 

1.43 

336 

1.96 

3G3 

3,775 

3,550 

33.7 

33.2 

1.72 

1.64 

302.5 

361.9 

91.1 

90.5 


HGM. Cl 

EXCRETED 
PER MIN. 


0.87 

0.44 

1.71 


2.6 

2.9 

3.9 


85°C. in mammalian Ringer’s; to this was added 40 cc. 0.5 per cent PR. The 
water had been freshly glass-distilled and the solution ivas sterilised before use. 
The solution Avas passed through the left external jugular A r ein at 2.5 to 5.0 ec. 
per minute. In some instances a priming solution Avas gRen (table 1, Mar. 1). 
The urine was diluted immediately after being collected and measured. 

Because Ave Avere studying tubular activity, the attempt AA r as made to liaA r e 
the plasma-rPR close to 1.5 mgm. per 100 cc. (table 1). At this concentration 
the fraction excreted by secretion approximates 83 per cent, but at a plasma- 
concentration of about 40 mgm. per 100 cc. only 35 per cent is excreted by secre- 
tion (Shannon, 1935b) . In other instances the clearance of exogenous creatinine 
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was taken as the measure of glomerular filtration (table 1). Ten per cent 
solutions were injected subcutaneously into the lateral abdominal region: one- 
half of the total quantity into each side, after which the sides were briefly mas- 
saged. The creatinine was dissolved first in a minimal quantity of distilled water 
as it is not soluble in Ringer’s to the extent of 10 per cent. The urine was col- 
lected into test-tubes by gentle suction (6-7 mm. Iig) applied to both ureteral 

TABLE 2 


Three experiments showing amounts of xoaler and chlorine resorbed per unit volume of 

glomerular fdlralc 







URINE 

1 


! 


! 



URINARY HOW 

PLASMA 

(licit. PER CENT) 

MGM. Cl 

resorbf.d/100 cc. 

CC. WATER 
'resorbed/ 100 CC 

MGM. Cl 
EXCRETED PER 

TIME 





Creatinine 

GLOM. FILTRATE 

GLOM. FILTRATE 

j MIN. 

1 ... . 


Left 

Right 

Creat. 

Cl 

Left 

Right 

Left 

Right 

Left 

Right 

Left 

Right 

min. 

(Apri 

l 21) 











-41 

25 cc. 

10 per cent creatinine in Ringer’s, subcutaneously 




-22 — 7 


0.14 

14.5 

435 


1,431 

427.5 


99.0 


1.04 

0 

About 900 cc. tepid tap-u 

•atcr by gastric tube 





19-47 


0.127 

18.4 

407 


2,270 



99.4 

99.2 



67-76 

1.25 


16.8 

392 

326 

356 

386. S 

387.3 

94.8 

95. S 

1.25 


93-99 

1.9 

1.0 

16.2 

392 

222 

226 

3S8.3 

389.2 

92.7 

92. S 

0.95 

0.45 


(Apri 

24) 











-54 

30 cc. 

10 per cent creatinine in Ringer’s, subcutaneously 




-21 — 6 

0.059| 0.133j 21.5 

420 

4,320) 2,475] 


99.5 

99.1 



0 

About 900 cc. tepid tap-water by gastric tube 





22-23 

0.105 

0.225 

24.4 

325 

5,010 

2,250 

391.7 

390.8 

99.5 


0.77 


71-77 

2.47 

1.18 

16.2 

388 

246 

351 

385.2 

384.9 

93.4 

95.2 

igl|s 


95-101 

2.04 


16.1 

389 

227 

_ ... 

192 

386.9 

385.9 

92.9 

92.0 




(May 

31) 











0 







25 

25 cc. 

10 per cent creatinine in Ringer’s, subcutaneously 




88-93 

3.3 

1.8 

12.4 


147.4 

143.2] 



91.6 

91.3 



101-106 

4.2 

1.7 

12.3 


144.3 




91.6 




115-120 

3.2 

1.7 




161.0 




92.5 




orifices simultaneously. The glass-tubes applied to the orifices were capillaries 
enlarged into small cups at one end. 

4. Chemical methods. All analyses were made in duplicate. The values were 
compared with standard solutions. Blood-clotting was prevented by a minute 
amount of heparin in the needle and nozzle of the syringe. 

a. Urea was estimated manometrically (Van Slyke, 1927). The urine was 
diluted 100 times. 

b. Chlorine in plasma and urine was analyzed by the ti trimetric method of 
Volhard (1878) as modified by Van Slyke and Sendroy, Jr. (1923). 

c. Inulin in plasma and urine was measured, after yeast-adsorption and acid- 


























ROLE OF INNERVATION IN RENAL TUBULAR FUNCTION 107 

hydrolysis (see Shannon and Smith, 1935), by the Shaffer-Hartmann-Somogyi 
method (see Shaffer and Somogyi, 1933) using Shaffer-Hartmann reagent 
“50” and Somogyi’s (1931) procedure for deproteinisation of the plasma. 

d. Exogenous -f- endogenous (?) creatinine was analyzed by the Jaffe reaction 
(method of Folin and Wu, 1919; see also Shannon et al, 1932). The plasma was 
made protein-free by an equal volume of 6 per cent Xa 2 W04 and of 0.33N H 2 S0 4 . 
The urine was diluted 100 to 3000 times so that differences in the colorimetric 
readings (Duboscq colorimeter supplied noth green Wratten filter) were not over 
50 per cent and generally much less than that. In some experiments an Evelyn 
photoelectric colorimeter was used but no distinct advantage was so gained. 

e. Phenol-red was measured colorimetrically. One drop of saturated Xa 2 C0 3 
was added to the 2 cc. of plasma or the tenfold diluted urine just before taking 
a reading. From this reading the value of the plasma, collected before ad- 
ministration of the PR, was subtracted. An e 74 Wratten filter was used with 
the Duboscq colorimeter (see Shannon, 1935a). 

Results. Since the urine of the mammal is ordinarily hypertonic to the 
blood (Iioppe-Seyler, 1859), the tubular resorption of water beyond the stage 
producing isosinoticity with the blood must be an active process. Even in 
ordinary diuresis, the mammalian urine is markedly hypertonic. Furthermore, 
when the Cl-concenti-ation of the blood falls, the Cl-concentration of the urine 
may fall, not only well below the concentration of Cl in the plasma (see tables 
1 and 2), but almost to the vanishing point. Clearly, Cl must be actively 
resorbed by the tubules. Lastly, the fact that the PR-clearance invariably ex- 
ceeds the inulin-clearance (table 2) shows that PR is secreted outward!}' by the 
tubules. 

Inspection of tables 1 and 2 shows that the amount of water and chlorine re- 
sorbed per unit volume of glomcridar fdtrate is identical in the transplanted and 
in the non-transplanted kidney. This is true even when a large fraction of this 
resorption is the result of tubular activity. Furthermore, the ratios of the inulin- 
and PR-clearances are practically identical for both kidneys (table 1) showing 
that the fraction of phenol-red outwardly secreted by the tubules of both kidneys 
is the same. These data demonstrate, conclusively in our opinion, that the 
renal nerve-supply has no influence on renal tubular activity, at least with 
regard to water, cliloride, and a foreign substance such as phenol-red. Because 
the active transport of substances by the tubules follows the mass-law — at least 
with regard to substances which have been most extensively studied with this 
respect (Shannon, 1939) — one would not expect, even a priori , the renal nerves 
to exert an influence on tubular secretion. 

On the other hand, our data show, as do those of many of our predecessors, 
that the rate of urinary flow and of the excretion of chloride is not necessarily 
identical from both kidneys. As shown in this paper, however, such differences 
do not reside in dissimilarities in tubular function and must, therefore, be due to 
differences in glomerular activity. We do not, however, imply that changes in 
glomerular activity are necessarily concomitant with renal denervation. 

In the above experiments the animal was not anesthetised. It was so used 
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to being strapped on the dog-board and having an infusion-needle in its external 
jugular vein that it frequently yawned during the procedure. 

SUMMARY AND CONCLUSION 

1. A dog’s kidney was successfully transplanted to the femoral region by 
end-to-end anastomosis of the renal vessels with the femoral; the bladder and 
ureteral orifices were exteriorised. 

2. The amounts of water and of chlorine resorbed per unit volume of glomerular 
filtrate (inulin- or creatinine-clearances) were identical in both the transplanted 
and non-transplanted kidney. This was true both during antidiuretic and 
diuretic urinary flows. 

3. The ratios of the inulin- and phenol-red clearances were practically identical 
for both kidneys, shoving that the fraction of phenol-red outwardly secreted by 
the tubules of both kidneys was the same. 

4. Our data demonstrate that any differences in the rate of excretion of water 
and of various solutes by the normal and fully denervated kidney are not due to 
dissimilaritites in tubular function and hence must be due to differences in glom- 
erular circulation. 
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It lias been observed by Cori and Cori (2) that the concentration of blood 
sugar is an important factor determining the rate of glycogen formation in the 
liver. We also note that those investigators who have more recently studied 
diurnal variations of liver glycogen in the white rat (3, 7, 8) present convincing 
evidence that a definite diurnal rhythm of glycogen deposition occurs in this 
animal and that this rhythm is due to cj'clic feeding habits. The natural 
corollary to these two observations is that the white rat should show a diurnal 
rhythm also in blood sugar concentration, and that this rhythm, like that of 
liver glycogen, should be determined b3 r cyclic feeding habits. The purpose 
of the investigation reported here was to test this hypothesis. 

Aside from clinical observations on the diabetic human being studies on diurnal 
variations of blood sugar concentration are rare. The few authors who have 
attacked the problem have worked on a variety of animals with a consequent 
variety of results. Krasnjanskij (10) working on normal human subjects found 
a sharp rise in blood sugar following each meal. However, his data give no 
suggestion of any general diurnal trend. Allcroft (1) found a different situation 
in the lactating cow. He was able to demonstrate a diurnal rhythm with the 
maximum blood sugar concentration occurring at 3 to 4 a.m. and the minimum 
at 8 to 9 a.m. He was unable to find any such rhythm in the dry cow or sheep. 
Euler and Holmquist (4) working on the rabbit, found a definite blood sugar 
rhythm with the maximum occurring between 4 and 10 a.m. Still later .lores (9) 
working on ten normal human subjects disagreed with Krasnjanskij to the ex- 
tent that he was able to demonstrate a diurnal rhythm in the blood sugar 
with the maximum concentration occurring at 4 a.m. and the minimum at 3 
to 4 p.m. 

Methods. Virgin female rats four to six months of age and 175 to 250 grams 
weight were used in all experiments. In the present work a certain importance 
is attached to the diurnal spontaneous activity rhythms of the animals used 
and the fact that the spontaneous activity rhythm of the female rat is clearer 
and less variable than that of the male accounts for the exclusive use of females 
in these experiments. It may be pointed out, however, that experiments on 
male rats indicate that similar results are obtained with both sexes. The rats 
were kept in wire cages with activity recorders of the type illustrated and de- 
scribed by Griffith and Farris (5) and were exposed to normal daylight and 
darkness. Water was always available and Purina rat food was used con- 
sistently. 

The blood sugar concentrations were determined by the microtitration method 
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of Miller and Van Slyke (11). This method gives essentially the fermentable 
sugar thus yielding values lower than those obtained- by methods which deter- 
mine total reducing substances. The blood was obtained by clipping the tip 
of the animal’s tail with a pair of scissors. Three or four drops were allowed to 
fall into a waxed dish containing powdered sodium citrate to prevent coagulation. 
From this dish the 0.1 cc. required was pipetted out and precipitated in cadmium 
sulfate solution. It was observed that blood sugar values were abnormally 
high when more than three minutes elapsed between the time an animal was 
picked up and the time the last drop was obtained from the tip of its tail. This 
was probably an excitation effect akin to Cannon’s “emergency hyperglycemia.” 
Consequently, all the determinations used in this paper are based on blood sam- 
ples obtained in less than three minutes. 

All blood samples were taken at 12 noon and 12 midnight (EST) =fc 45 min- 
utes. It was observed that, when a rat was bled at twelve hour intervals for 
a number of days, the blood sugar values obtained from the later bleedings fre- 
quently showed great variability, deviating markedly from the pattern ob- 
tained in the first few bleedings. A possible explanation of this is that frequent 
clipping of the tail caused painful swelling, a disturbing condition which was 
reflected in the blood sugar. Consequently, the rats used in these experiments 
were never bled more than three consecutive times at twelve hour intervals. 

Procedure and results. The first point to be investigated was whether 
or not the blood sugar of the normal white rat, feeding freely, exhibits a diurnal 
rhythm. This was investigated by the simple procedure of making a series 
of blood sugar determinations on blood samples taken from such rats at both 
noon and midnight. In this experiment fifty-four determinations were made 
on eleven different animals. The animals were allowed a three to five day 
recovery period after each set of three consecutive bleedings before being used 
again. Half of the bleedings were in the order noon-midnight-noon while the 
other half were made in the opposite order, midnight-noon-midnight. This 
procedure was followed in all the experiments described and was intended to 
elininate the possibility that the observed changes in blood sugar concentration 
might be a direct response to the experimental technique used. A time diurnal 
rhythm obviously would give reversed patterns under the two different pro- 
cedures whereas a direct response to the technique of bleeding would be the same 
in both cases. 

The results of these experiments are given in table 1. The data in this table 
make it obvious that the blood sugar concentration of normal animals is ap- 
proximately 10 per cent higher at midnight than at noon. The usual criterion 
for statistical significance, i.e., that the difference between the mean midnight 
value and the mean noon value must be more than twice its standard error, 
is used throughout this paper. In this case the difference between the means 
is more than six times its standard error. 

Having established the presence of a diurnal blood sugar rhythm by this first 
group of experiments on animals feeding freely, it then became desirable to 
know to what extent this rhythm was affected by the animals’ cyclic feeding 
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habits. Two procedures were used to obtain this information, i.e., fasting and 
enforced reversal of the animal’s feeding cj’cle. The fasting studies were made 
upon two groups of six rats each. They were subjected to the following fasts. 

Group I: a. Thirty-six hour fast beginning at midnight, the first blood sample 
being taken at noon twelve hours after the removal of food. 

b. Forty-eight hour fast beginning at noon, the first blood sample being taken 
at noon twenty-four hours after the removal of food. 

c. Forty-eight hour fast beginning at midnight, the first blood sample being 
taken at midnight twenty-four hours after the removal of food. 


TABLE 1 


Determinations on rats allowed to feed freely 



NUMBER OF ANIMAL 
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Standard 

deviation Mean 

Day values 4.24 96.1 

Night values 6.23 105.9 

Difference between means 9.8 

Standard error of difference between means 


Standard error 
of mean 

0.78 

1.27 


1.49 


Group II: a. Fast corresponding to c above. 

b. Sixty hour fast beginning at midnight, the first blood sample being taken 
at noon thirty-six hours after the removal of food. 

The statistical summaries of the results of these fasting experiments are to 
be found in part I of table 2. A study of the table makes it clear that the 
diurnal rhythm in blood sugar concentration persists during as much as forty- 
eight hours of fasting but disappears in fasts longer than this. As the length 
of the period of fasting is increased, the curve of diurnal variation tends to 
flatten out. After about forty-eight hours of fasting it levels off at approxi- 
mately 80 mgm. per cent which is roughly 10 mgm. per cent below the average 
noon figure for animals allowed to feed freety. 

It is of interest to note that in the first group of animals a fast of forty-eight 
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TABLE 2, 


Statistical summaries of experiments involving fasting and reversal of feeding cycle 


CONDITIONS OF EXPERIMENT 

TIME 

or 

BLEED- 

ING 

STAND- 

ARD 

DEVIA- 

TION 

MEANS 

ST. 

ERROR 

OF 

MEANS 

ST. ERROR 
OF DIFFER 
E SCE 
BETWEEN 
MEANS 

L IS THE DIF-^ 

* TERENCE 
SIGNIFI- 
CANT? 

I. Fasting experiments: 

A. Group I 

1. Thirty-six hour fast beginning 
at midnight, the first blood sam- 
ple being taken at noon 12 hrs. 
after food removal 

N* 

M* 

4:04 

6.83 

mgm. 
per cent 

79.8 

S5.1 

5.3f 

1.17 
2. SI 

1.49 

Yes 

2. Forty-eight hour fast beginning 
at noon, the first blood sample 
taken at noon 24 hrs. after food 
removal 

'N 

M 

5.34 

9.64 

78.7 

90.2 

11. of 

1.8S 

4.31 

4.71 

\ 

Yes 

3. Forty-eight hour fast beginning 
at midnight, the first blood sam- 
ple being taken at midnight 24 
hrs. after food removal 

N 

M 

5.34 
! 8.40 

! 

86.0 

84.8 

1 -2*f 

2.39 

2.66 

: 

3.58 

No 

B. Group II 

1. Fast corresponding to “3” of 
group I (fig. 1) 

N 

M 

5.64 

7.27 

■ 

86.8 

99.0 

12. 2f 

2.30 

3.46 

■ 

Yes 

2. Sixty hour fast beginning at mid- 
night, the first blood sample be- 
ing taken at noon 36 hrs. after 
food removal (fig. 2) 

N 

M 

6.90 

3.65 

76.4 

79. 5 

3 - 4 f 

1 

2.48 

No 

II. Experiments on rats allowed to feed 
only from 9 a.m. to 5 p.m. 

A. Determinations on the 5th and 6th 
days of the new feeding regimen 
(fig- 3)' 

N 

M 

1 

94.8 

102.0 

7.2f 

1.80 

2.23 

2.86 

Yes 

B. Determinations on 14th to loth 
days of the new feeding regimen 
(fig- 4) 

N 

M 

3.94 

4.75 

105.3 

95.0 

10. 3f 

ng 

i 

2.12 

Yes 

C. Determinations on the 20th and 
21st days of the new feeding regimen 

N 

M 

6.36 

6.57 

109.8 

97.3 

12. 5f 

1.76 

2.49 

3.05 

Yes 


*N = noon,M = midnight, 
f Difference. 
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hours beginning at noon did not abolish the diurnal rhythm whereas a forty- 
eight hour fast beginning at midnight did so. A possible explanation of this 
is that since rats normally do not begin to feed until 6 or 7 p.m., a fast beginning 
at noon does not become effective until six or seven hours later, whereas one 
beginning at midnight becomes effective immediately. Hence, a forty-eight 
hour fast beginning at noon is, physiologically speaking, only a forty-one or 
forty-two hour fast. It is also to be noted that the diurnal rhythm was more 
easity abolished in the first group of animals than in the second, a sixty hour fast- 
being required in the latter case. The only notable difference between the 
two groups is that the rats of the first group (18 to 21, 23 and 25) were from 
one to one and a half months older than those of the second group and had been 



Fig. 1. Determinations on rats which fasted a total of 4S hours. Food was removed 
24 hours before the first midnight determinations. These rats were of group II. 

Fig. 2. Determinations on rats which fasted a total of 60 hours. Food was removed 
36 hours before the first noon determinations. These rats were of group II. 

Fig. 3. Determinations on the 5th and 6th days of the new feeding regimen. These 
animals were forced to feed between the hours of 9 a.m. and 5 p.m. 

Fig. 4. Determinations on the 14th and 15th days of the new feeding regimen. 

The figures in the right hand margin of each frame designate the number of the animal 
represented by the adjacent symbol. 

subjected to experimental procedures for a longer period of time. One might 
expect that the diurnal rhythm in blood sugar concentration would be stronger 
and less variable in a group of young rats which had led an undisturbed existence 
prior to the fast than in an older group of rats which had been subjected to a 
number of previous bleedings and fasts. This is a possible explanation of the 
results obtained. 

The data on animals 29 to 34 are graphically shown in figures 1 and 2, figure 

1 being based on the data obtained during the forty-eight hour fast and figure 

2 on the data obtained during the sixty -hour fast. We observe that in both 
, cases the animals show greater variability than is shown by animals allowed 

to feed ad lib. However, in figure 1 the diurnal rhythm is still obvious in most 
most cases while in figure 2 it is obliterated in all animals except no. 30 and pos- 
sibly no. 31. 
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In the last group of experiments rats were taught to change their usual 
feeding habits in an attempt to determine whether this would be accompanied 
by a similar change in their blood sugar cycle. Seven animals were allowed 
to feed only between the hours of 9 a.m. and 5 p.m. rather than dining the hours 
of darkness. However, their peiiod of maximum spontaneous activity still 
occurred during the night. This constituted a separation of the feeding and 
activity cycles. When these animals had completed adaptation to the new 
feeding regimen (a period of forty-eight to seventy-two hours as indicated by 
eventual maintenance of, or increase in, body weight) they were subjected to 
three sets of bleedings, the first beginning on the fifth day after initiation of the 
new feeding regimen, the second on the fourteenth day, and the tliird on the 
twentieth day. 

The results of these experiments are summarized in part II of table 2. After 
five days on the new feeding regimen the blood sugar cycle was essentially un- 
changed (fig. 3). However, after fourteen days the blood sugar cycle was 
completely reversed (fig. 4), the noon values being approximately 10 per cent 
higher than the midnight ones, and the difference between the means being 
even more highly significant than that obtained on the fifth day. The results 
obtained on the twentieth day support those obtained on the fourteenth day. - 
However, on the twentieth day the difference between the means is even greater. 
Obviously the normal blood sugar cjmle persists for at least five days during 
enforced day .feeding, but becomes completely reversed some time before the 
fourteenth day. 

It is to be stressed that the typical spontaneous activity cycle of the animals 
persisted during these experiments. In most cases the total daily activity de- 
creased 25 to 50 per cent. But its distribution over the twenty-four hours was 
essentially unchanged, the period of maximum activity still occurring during the 
hours of darkness. Hence the blood sugar cycle of the white rat accompanies 
the feeding cycle rather than the activity cycle. 

Discussion. The foregoing data make it obvious that there is a diurnal 
rhythm in the blood sugar concentration of the normal albino rat allowed to 
feed ad lib. However, it is to be made clear that these data yield little informa- 
tion as to the exact nature of the diurnal curve. Midnight values may not 
represent the maxima or noon values the minima of the diurnal curve. But 
since Deuel and collaborators (3) found the digestive tract of the female rat to 
contain most food at 12 midnight, one at least has reason to believe that mid- 
night determinations fall closer to the maximum point than to the point of 
inflection. 

The observation of Cori and Cori (2) that the blood sugar concentration is 
an important factor determining the rate of liver glycogen formation would 
lead one to expect that the liver glycogen cycle would persist during fasting 
as long as the blood sugar cycle persists. This is apparently the case. Higgins, 
Berkson and Flock (7) found that the liver glycogen cycle of the white rat 
persists for one day after the removal of food but that during the second day it 
remains constant at a low level. This checks reasonably well with the present 
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experiments. On fasting rats, blood samples had to be taken within twenty- 
four, to thirty-six hours after food removal (not counting the first six hours of a 
fast beginning at noon, for reasons explained above) in order to obtain a signi- 
ficant difference between day and night values. 

Diurnal rhythmicity in the blood sugar concentration of an animal is most 
probably evoked by one or more of three principal factors, i.e., periodic changes 
in light (day and night), periodic habits in activity, and periodic habits in feed- 
ing. The first two of these factors are closely interrelated and were not altered 
at any point in these experiments. However, the third factor was isolated from 
the first two by the expedient of training the animals to feed during the daylight 
hours while the lighting conditions and spontaneous activity cycle were un- 
altered. Since it is possible completely to reverse the blood sugar cycle bj r such 
a procedure, one may say that cyclic feeding habits constitute the principal 
factor determining the diurnal rhythm in blood sugar of the rat. 

The reversal of the blood sugar cycle obtained upon reversing feeding habits 
might have been predicted on the basis of the results of Higgins, Berkson and 
Flock (8). These workers found that by changing the hours of feeding they 
were able to shift the liver glycogen cycle of the white rat by six hours. It is 
of interest, however, that the reversal of the blood sugar c 3 r cle is not immediate 
but involves a "conditioning period” of more than five days. This is reminis- 
cent of the seven to eight day conditioning period found by Hemmingsen and 
Krarup (0) to be necessary for a complete reversal of the activity cycle of the 
rat in response to a reversal of the periods of light and darkness. In each case 
the rhythm to be reversed is so completely integrated with the animal’s general 
physiological "timing” that a reversal is obtained only gradually over a period 
of days'" even after the factor directly responsible for the cycle has been drasti- 
cally altered. 

It is noteworthy, finally, that the diurnal variations found to occur in the 
rat’s blood sugar are not incompatible with findings on the human being. Man 
eats three meals a day and it is known (10) that his blood sugar shows three 
corresponding rises, one after each meal. The rat, by comparison, may be re- 
garded as an animal which eats only one large meal a day (3), and consequently 
its blood sugar concentration shows one large increase each twenty-four hours. 


SUMMARY 

There is a diurnal rhythm in the blood sugar level of the normal, fed, female 
white rat. The difference between the noon and midnight values is statistically 
significant and is approximately 10 per cent. This blood sugar cycle persists 
during thirty-six to forty-eight hours of fasting but disappears during longer 
fasts. 

By training animals to feed during the day it is possible to dissociate the 
feeding and activity cycles. In such a situation the blood sugar cycle is found 
to accompany the feeding rather than the activity cycle. However, a con- 
ditioning period of more than five and less than fourteen days is involved before 
the change in the blood sugar cycle is completed. 
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We may conclude that the diurnal cycle in the blood sugar of the white rat 
is due principally to cyclic feeding habits. 

The author wishes to acknowledge the kind assistance of Dr. John H. Welsh 
of this laboratory, also the helpful suggestions of Dr. S. C. Reed in regard to 
the statistical treatment of the data. 
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Previous studies on an inherited bleeding disease in a strain of swine owned by 
the Missouri Agricultural Experiment Station show that the disease is trans- 
mitted by both sexes as a Mendelian recessive (1), and that the bleeders have a 
blood coagulation defect (2, 3). 

We have shown more recently that the animals also have a very prolonged 
saline bleeding time (4), and an abnormally low capillary resistance (5). Neither 
of these symptoms can be readily attributed to the prolonged coagulation time 
(2, 3), and in this paper we wish to present evidence for a second abnormality, 
the improper functioning of injured blood vessels. 

Experimental . 2 In studies on the prolonged saline bleeding time of bleeder 
swine (4), we often observed poor correlation between bleeding times and coagu- 
lation times. The coagulation times, obtained at the same time as the bleeding 
times (4), are shown for the first time in figure 1 of this paper. In all of the 
studies reported here, we used the following modification of the Lee-White (6) 
clotting time method: A vaseline-coated 19 gauge Wassermann needle is inserted 
into the marginal vein of the shaved ear, and 2 cc. portions of blood are collected 
successively in 4 paraffin-coated test tubes (inside diameter, inch, length, 6 
inches). A blood flow of 4-8 cc. per minute is acceptable. The tubes are corked 
and placed in a bath at 37°. The first tube obtained is tilted at minute intervals 
until the blood is completely clotted. This procedure is repeated successively 
on the second, third and fourth tubes. The longest clotting time observed (us- 
ually tube 4) is recorded as the whole blood coagulation time. In figure 1, the 
determinations were carried out at approximately weekly intervals for a period 
of 3 months. 

Figure 1 shows that the whole blood coagulation time is in the range of 36-104 
minutes in the bleeders, and in the range of 19-53 minutes in the normal animals. 
These variations cannot be explained by differences in technique; therefore they 
must be due to actual variations in blood coagulability. There is, then, a natural 
2 to 3-fold variation in the clotting time of both normal and bleeder animals, 
and some overlapping of clotting time values in the 2 groups. The average 

1 Contribution from the Department of Agricultural Chemistry, Missouri Agricultural 
Experiment Station, Journal Series, no. SS2. Aided by a grant from the John and Mary R. 
Markle Foundation. 

2 We are indebted to Dr. Ralph Bogart, Department of Animal Husbandry, for main- 
taining the herd of bleeders from which our experimental animals were obtained. 
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clotting time (fig. 1) of the 3 bleeders for the 92-day experimental period is 67 
minutes, and of the 5 normal animals, 31 minutes, a 2£-fold difference. No dif- 
ferences between bleeder and normal were observed with respect to the quality 
and the firmness of the clotted blood, or its speed of retraction. 



A comparison of coagulation times (fig. 1) with the saline bleeding times 
simultaneously obtained (see fig. 1, reference (4)), shows that in several cases 
(table 1) the coagulation time of the bleeders is short when the saline bleeding 
time is very prolonged, and vice versa. The anomaly of a short coagulation time 
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and a long bleeding time was also observed during the routine testing of a group 
of 4 month old bleeders (bottom of table 1). If the saline bleeding time were 
dependent on the whole blood coagulation time, one would expect a direct cor- 
relation, instead of the values shown in table 1. 

We have been able to produce experimentally the combination of a prolonged 
saline bleeding time and a short coagulation time in bleeders. The data in table 
2 show that small whole blood transfusions, while having no effect on the prolonged 
saline bleeding time, reduce the prolonged coagulation time to within the normal 
range for several horns. 

Furthermore, we have been able to produce experimentally the reverse com- 
bination in normal animals, namely, a normal saline bleeding time in the pres- 
ence of a very prolonged whole blood coagulation time. This is accomplished 

TABLE 1 


Simultaneous coagulation limes and saline bleeding limes in bleeders 


ANIMAL 

DAY (FIG. 1) 

COAGULATION TIME 

SALINE BLEEDING TIME 



min. 

see. 

FSO 

92 

4S 

600+ 

F126 

87 

44 

550 

Ml 

20 

40 

490 


91 

36 

600+ 

FSO 

71 

90 

360 

F126 

45 

79 

160 

Ml 

34 

99 

260 


62 

SO 

220 

F7 

j 

39 

600+ 

M34 

— 

45 

600+ 

F6 

1 

42 

600+ 


by administering heparin intravenously. Table 3 shows that the whole blood 
coagulation time of normal swine can be prolonged 2 to 20-fold by this treatment 
without affecting the short saline bleeding times of these animals. The coagu- 
lation values obtained in the normal swine are much longer than any observed 
to date in the bleeders (cf. fig. 1). 

It is evident that the prolonged saline bleeding time of bleeders can be at- 
tributed neither to the prolonged coagulation time which exists simultaneously, 
nor to a defect in the quality or retraction properties of the bleeder clot. That 
it is an important symptom of the disease is shown by previous tests on 4-18 
month old swine (4), and by the tests on one day old swine reported in table 4. 
On the basis of inheritance (1), the litter in table 4 should consist of 6 bleeders 
and 6 carriers, a ratio with which the bleeding time findings closely agree. It is 
apparent that a prolonged saline bleeding time exists in bleeders even at birth. 

The relative independence of the saline bleeding time and the coagulation time 
in swine can be most readily explained by assuming that the 2 tests measure dif- 
ferent phenomena. Since the saline bleeding time is not greatly changed by 
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fluctuations in the coagulability of the blood (tables 1, 2 and 3), it must be gov- 
erned by changes outside of the blood, i.e., changes in the blood vessel. We there- 
fore conclude that the saline bleeding time measures the constricting ability of 

TABLE 2 


The effect of blood transfusions on the saline and coagulation lime of bleeders 


ANIMAL 

TREATMENT 

BEFORE TREATMENT 

AFTER TREATMENT 



Hours 

after 

Saline 

time 

Coagulation 

time 



see. 

ir.iit. 


sec. 

min. 

F10 

2.2 cc. citrated blood* intrav. 

600+ 

89 

2 


41 


per kgm. body wt. 



4 


44 





6 


52 

EG 

Same as for F10 

600+ 

SS 

3 


38 





5 


61 


* An IS gauge hypodermic needle was inserted into the marginal ear vein of a normal 
hog, and 4 parts of blood were allowed to flow from the needle into 1 part of 3.S per cent 
sodium citrate solution. 


TABLE 3 


The effect of heparin on the coagidalion lime and saline bleeding lime of normal swine 




BEFORE TREATMENT 

AFTER TREATMENT 

ANIMAL 

TREATMENT 

Coagu- 

lation 

time 

Bleeding 

time 

Coagulation time 

Bleeding time 



min. 

sec. 

min . 

sec. 

F213 

0.5 mgm. Na 
heparin* 
intrav./ 
kgm. body 
wt. 

33 

85; So 

660+ ( 5 min. after) 
390 (19 min. after) 

90 ( 7 min. after) 

90 (17 min. after) 

M159 

0.3 mgm. Na 
heparin 
intrav./ 
kgm. body 
wt. 

33 

65; 140 

382 ( 5 min. after) 
165 (17 min. after) 

93 ( 7 min. after) 

137 (14 min. after) 

F76 

0.2 mgm. Na 
heparin 
intrav./ 
kgm. body 
wt. 

53 

125; 93 

229 ( 5 min. after) 
102 (23 min. after) 

5S (14 min. after) 

140 (17 min. after) 


* One milligram Na heparin = 110 “Toronto units.” 


the blood vessels injured in the test, and that a prolonged saline bleeding time 
of the type found in bleeders is due to a failure of the injured vessels to constrict 
normally. 

Evidence that an induced constriction of the blood vessels has a marked effect 
in shortening the prolonged saline bleeding time of bleeders is shown in table 5. 
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Small quantities of 1:1000 adrenaline (Parke, Davis) were injected with a 26 
gauge needle into the tip of the shaved ear, and a lancet wound was made im- 
mediately about 5 mm. from the site of the injection. The wound was immersed 
in isotonic saline at 37° and the saline bleeding time was determined in the usual 
manner (4). Chester White-Poland China crosses, and purebred Poland Chinas 
were tested. The 3 day old animals shown in table 5 are from the same litter 
(table 4). 


TABLE 4 


Saline bleeding time tests on a litter of Chester White-Poland China swine one day of age 


BLEEDERS 

SALINE TIME 

CARRIERS 

SALINE TIME 


see . 


sec . 

M36 

600+ 

M34 

60 

M30 

600+ 

M31 

75 

F 30 

600+ 

F31 

85 

F33 

600+ 

F35 

65 

M35 

600+ 

F34 

55 

F37 

460 



F36 

400 




TABLE 5 


The effect of adrenaline on the prolonged saline bleeding time of bleeders 


Antmai, 

Fl 

F9 

M5 

F30 

M30 

F33 

F36 

M3S 

Ml 

Fio 

F7 

Skin color (W-\vhitc; 
B-black) 

W 

W 

W 

W 

W 

B 

B 

B 

B 

B 

B 

Breed (C-cross; P- 
pure) 

c 

C 

C 

c 

c 

C 

C 

C 

C 

P 

P 

Age (days) 

156 

200 

40 

3 

3 

3 

3 

3 

3S 

463 

463 

Cc. adrenaline 
, (1:1000) in- 
jected 

0.05 

0.05 

0.05 

0.05 

0.02 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

Saline time be- 
fore injection 
(sec.) 

600+ 

600+ 

260 

600+ 

270 

375 

360 

600+ 

600+ 

420+ 

600+ 

Saline time 

after injec- 
tion (sec.) . . . 

98 

20 

60 

115 

107 

560 

330 

480 

600+ 

600+ 

600+ 


It is evident from table 5 that Chester White-Poland China bleeders with white 
skins show a reduction of the prolonged saline bleeding time to normal after the 
injection of adrenaline. Because of this hemostatic effect, adrenaline was found 
to be very useful in the treatment of surface hemorrhages in these animals. 
Thus, a tooth socket hemorrhage in FI (table 5) was stopped at once by the in- 
jection of 0.1 cc. of 1 : 1000 adrenaline into the gum adjacent to the bleeding site. 
White F9 incurred a deep cut on the edge of the snout which bled for more than 
2 hours. The injection of 0.05 cc. of 1:1000 adrenaline on each side of the cut 
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stopped the bleeding immediately; there was no recurrence of the hemorrhage in 
spite of pronounced vessel dilatation 20 minutes later. This same animal bled 
for more than 5 hours from a deep cut in the floor of its mouth. Injection of 
0.05 cc. of 1 : 1000 adrenaline on each side of the cut also stopped this hemorrhage 
in a few minutes, with no recurrence dunng subsequent dilatation of the affected 
vessels. 

We are at present unable to explain why injected adrenaline has no effect (table 
5) on the prolonged saline bleeding time of black-skinned Chester White-Poland 
China bleeders, and black-skinned purebred Poland China bleeders. In addition, 
inj ected adrenaline has no effect in controlling hemorrhage in these animals. The 
cause of this anomaly may lie in hereditary factors, i.e., a dominance of the black 
Poland China bleeder strain in the black bleeders, and a dominance of the Chester 
White normal strain in the white bleeders. 

Discussion. The data presented above are in good agreement with the “two- 
stage” hemostasis theory recently proposed by Macfarlane (7). According to 
Macfarlane, the first stage of hemostasis in the smaller blood vessels of mammals 
consists of a temporary constriction of the wall of the severed or otherwise in- 
jured vessel; this slows down or stops the loss of blood. The second stage 
consists of a firm coagulation of the blood and a retraction of the blood clot in 
the lumen near the temporarily constricted part of the injured vessel. Following 
this second stage, dilatation of the vessel occurs, but the plugged condition of the 
injured area prevents further loss of blood. Our findings indicate that both the 
first and second stages of hemostasis are abnormal in the bleeder swine. Further- 
more, our tests with adrenaline show that the type of vessel defect is not exactly 
the same in the white-skinned and the black-skinned bleeders. 

SUMMARY 

Evidence is presented to show that swine suffering from an inherited bleeding 
disease have a blood vessel defect in addition to the previous^ observed coagula- 
tion defect. 
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These investigations were undertaken during the summer of 1941 and at 
intervals through the following year to obtain data supplementary to those 
made by Noble and Collip. Some of the experiments are confirmatory of those 
published by Noble and Collip (1, 2). In addition, a detailed study was made 
of blood pressure changes, hematocrit, and plasma volumes, also observations 
on the visceral and peripheral capillary circulation. 

In the course of the observations, it was soon realized that the trauma induced 
by drumming was very general and caused much congestion, especially in the 
gut. This made it difficult to differentiate between direct and indirect effects 
of the trauma on the capillary circulation. Hence, the observations described 
in this paper on the capillaries are not to be considered as strictly referable to 
the effects of traumatic shock on capillaries remote from the trauma. 

Methods. Rats, with their paws taped to render them helpless, were placed 
in a drum, 16 inches in diameter and 7 inches deep, and the drum rotated at a 
speed of 45-50 revolutions per minute. Two 2-inch shelves, fastened on op- 
posite sides on the inner circumference of the drum, carried the rat with each 
revolution part w r ay up the circumference until it slipped off and fell. Tins 
procedure caused the rat to sustain at least one and more often tw r o falls per 
revolution thereby undergoing cumulative trauma with the successive falls. It 
may be stated that the rats gave no sign of pain. They w r ere evidently thrown 
into a semiconscious state at the first fall, and the successive falls v r ere suf- 
ficiently rapid in sequence to prevent recovery until they were removed from 
the drum. 

The experimental data of Noble and Collip show 7 that rats, weighing about 
150 grams and subjected to 800 revolutions, undenvent injuries with a 100 per 
cent mortality, wiule of those subjected to 300 turns the mortality was 8 per cent. 
In the intermediate range of 600 revolutions the mortality was approximately 
75 per cent. The period of survival of the fatal cases, subjected to this inter- 
mediate range of trauma, varied from 20 minutes to 10 hours, the great majority 
(ca 70 per cent) dying within 45 to 90 minutes. These results, indicating the 
statistically consistent type of trauma involved, have been confirmed by us 
except for a slightly longer survival period in the 650 revolution range (60-120 
min.) in experiments on over 800 rats. 

1 The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and Develop- 
ment and New York University. It was also supported in part by the Lilly Research 
Laboratories and the Josiali Macy, Jr. Foundation. 
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About 500 rats -were subjected to G50 revolutions of the drum. A certain 
percentage of these (10-15 per cent) either died in the drum, exhibited gross 
hemorrhage (usually in the gut), sustained intracranial hemorrhages and 
fractured skulls, or died within 20 minutes after removal from the drum. These 
were discarded from consideration. The remainder survived for at least one 
hour or two after removal from the drum. 

Blood pressures were determined repeatedly bn the same rat. The method, 
developed in this laboratory, is described by Duncan, Hyman and E. L. Cham- 
bers (3). It is based on the microscopic observation of arteriolar blood-flow 
in the interdigital web of the hind foot while the femoral artery is being occluded 
by a pneumatic cuff around the upper part of the thigh. The pressure of 
the normal, unanesthetized rat showed variations in different rats from 90 
mm. to 140 mm. Hg, the pressure of the majority lying between 110 mm. and 120 
mm. The accuracy of the method may be indicated by the fact that- successive 
readings on the same rat by different observers were reproduced within dif- 
ferences of 2-4 mm. Hg. The readings were taken at the moment a flow was 
detected when the pressure was released on the femoral artery. They may be 
regarded as the systolic pressures. The advantage of the method is in the ab- 
sence of any surgery in the procedure. 

The hematocrit volumes were obtained by the Van Allen method and 
the plasma volumes by the d}*e method introduced by Keith, Rowntree and 
Geraghtv. 

The capillary circulation was observed simultaneously in the subcutaneous 
tissue of the skin between the toes of the hind leg and in the meso-appendix, 
a triangular flap of mesentery between cecum and ileum. In order to have the 
rat sufficiently anesthetized to permit exposure of the meso-appendix after the 
trauma, it was given a subcutaneous injection of sodium pentobarbital solution 
(0.45 cc. of 1 per cent solution per 100 grams body weight) immediately before 
placing it in the drum. The anesthetic then became effective at about the time 
the rat was removed from the drum. Since the trauma is one of direct injury 
to the viscera it was found necessary to offer some degree of protection to the 
region selected for observation in order to avoid local petechiae. This was 
accomplished by strapping the lower abdomen with a strip of 1 inch adhesive 
with cotton interpose'd directly over the cecum. The protection afforded was 
not sufficient to prevent the development of shock symptoms. The cecum of . 
these rats was hyperemic but showed no bruises or local hemorrhages such as 
usually occur when the lower abdomen is unprotected. After exposing the 
cecum the meso-appendix was spread over a horse-shoe shaped ribbon of lucite. 
The viscus was covered with cotton and the preparation kept moist by a drip 
of Ringer Locke solution buffered to pH 7.4 and thermostatically controlled 
at 38°C. 

Acknowledgments are made to Dr. George W. Duncan (Department of Sur- 
gery, The Johns Hopkins Hospital) who worked with us during the summer of 
1941, to Chester Hyman and Edward L. Chambers who assisted in devising 
the blood pressure technique for the rat. 

Results. 1. Evidence for the site of action of the trauma. The rats in the 
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rotating drum suffered minor contusions over the bony prominences, principally 
the dorsal margin of the ilium, the scapula, the base of the skull, and the snout. 
The teeth were frequently broken, and the scrotal sac contused. 

Experiments were made to' determine which regions of the body had to be 
traumatized to induce fatal shock. The rats were protected over various regions 
with pads of absorbent cotton which were held in position with adhesive tape. 
It was found that padding over the head, shoulder, back and scrotum did not 
protect the animal provided the abdomen was left exposed. These rats went 
into fatal shock with the same number of revolutions as those left completely 
unprotected. When the abdomen was well-padded, the rat withstood 1000 
revolutions without developing fatal shock. 

In rats with the entire abdomen protected the blood pressure dropped to about 
50 mm. Hg immediately after removal from the drum. In the great majority 
of cases the pressure then rapidly rose to normal values. Autopsies on these 
animals, killed at varying intervals after the trauma, revealed no gross visceral 
congestion. 

The conclusion is that the action of the Noble-Collip drum, within the range 
of 650 revolutions, induces a fatal, shock-like state largely through direct trauma 
to the viscera. 

2. Signs and symptoms of the shocked state in unprotected rats. External signs. 
These were the same as described by Noble and Collip (1. c.). Immediately 
on removal from the drum the rat was comatose. The ears, tail and feet showed 
an intense pallor and were cooler than normal. During the following 15-20 
minutes the respiration which was at first shallow and rapid, became slower and 
more normal. The initial pallor decreased, and the rats became more responsive 
to cutaneous stimuli. This improvement persisted for a variable time, after 
which, in fatal cases, the animals became progressively less responsive until death. 

Internal signs. The gastro-intestinal tract showed marked vascular engorge- 
ment chiefly in the duodenum, upper jejunum, cecum and, to a lesser extent, 
the lower ileum. Varying amounts of free fluid were usually present in the lumen 
of the gut, especially in the duodenum and upper jejunum. The mucosa fre- 
quently showed marked vascular engorgement, though no definite ulcerations 
were ever observed. The mesenteric lymphatics and the thoracic duct were 
occasionally engorged and, sometimes, the contained fluid was sanguinous. 
The liver, spleen, kidneys, and adrenals gave evidence of vascular engorgement, 
likewise the lungs which frequently contained petechiae. Gross examination 
of the brain revealed no pathology except in rats discarded because of cranial 
hemorrhage and fracture. The urine was scanty, concentrated, dark, and, in 
rare instances, grossly bloody. 

Rectal temperature. There was a consistent drop in temperature from the 
normal of 98°-100° to 93°-95°F. immediately following drumming. It persisted 
below normal in all fatal cases. 

Blood pressure. In some rats blood pressure readings were unobtainable be- 
cause of complete circulatory stasis in the skin vessels. In about 250 cases only 
a few blood pressure readings were taken. In 50 cases readings were taken at 10 
minute intervals on each rat over a period of 2-4 hours. Representative fatal 
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cases showed a primary fall to 30-40 mm. Iig, followed, within 10-20 minutes, by 
a temporary rise to 60-70 mm. Iig; after which the pressure gradually fell during 
a period of 2-4 hours until death ensued. A number of eases in this group main- 
tained extremely low pressures with no rise throughout until death. 

Blood pressure curves of the rats which survived also showed an initial drop 
which persisted for about 10-20 minutes and then rose to the normal level within 
1 to 20 hours. 

Hematocrit. Blood samples were withdrawn from the jugular vein at 15-20 
minute intervals after removal from the drum. Because of the small total 
blood volume of the rat, care was taken to remove minimal amounts, on the 
average, not over 0.3-0. 5 cc. Hematocrit volumes were determined in dupli- 
cate in about 50 rats using the Van Allen method. 

Hemoconcentration was consistently obtained. In those which recovered, 
the hematocrit values never rose more than 6-8 per cent above normal, and 
normal levels were reached within 1-3 hours after the trauma. In those which 
eventually died (1-12 hours after the trauma) the hematocrit values began to 
rise 30-60 minutes after removal from the drum. Levels of 9-20 per cent above, 
normal, with an average of 12 per cent, were reached within 1-3 hours, which 
persisted until death. These results are in accord with the hemoglobin deter- 
minations reported by Noble and Collip (1. e.). 

Plasma volumes. Plasma volumes were determined by the T-1824 dye 
method. The procedure employed was essentially that described by Beckwith 
and Chanutin (4). The dye determinations were taken on samples from the 
right atrium. Experience of other investigators with shocked dogs has indi- 
cated that samples from veins gave variable results. 

All the rats were subjected to drum trauma within 24 hours after the control 
determination. In all the cases in which there was no gross evidence of hemor- 
rhage or fluid loss into the gut, the trauma was found to induce a decrease in 
total plasma volume of about 12 to 15 per cent. A maximum value of 20 per 
cent was obtained in cases in which gross hemorrhage was visible in the duo- 
denum. Parallel hematocrit readings were not done. 

3. Diffusion of the dye, T-1824, from blood vessels. An indication of the site 
of fluid loss was obtained by observing the escape of the dye, T-1824, intraven- 
ously injected prior to trauma. Gross examination showed that the skeletal 
muscles were diffusely bluer than in non-traumatized rats. There was also 
evidence of considerable loss of the dye into the gastro-intestinal tract, over bony 
prominences and, in females, into the subserosal regions of the uterus and 
its cornu. 

The change affected by the drum trauma to diffusion of the dye T-1824 was 
also tested by the local application of heat before and after the trauma. Tests 
were first made on normal rats by injecting T-1824 (0.2 to 0.3 cc. of a 1 per cent 
solution in mammalian Ringer) into the jugular vein. Three regions of the 
skin on one side of the abdomen were then exposed to heat for 10, 20 and 30 
seconds, respectively, by applying glass tubes through which hot water was 
flowing, the temperature at the outflow being kept at 46°C. No bluing effect 
was noted in any of the heated regions. The same rat was then subjected to 600 
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revolutions. Upon removal from the drum, the regions of the abdomen pre- 
viously exposed to heat still showed no color change. The other side of the 
abdomen was then treated with the same heat-application technique. The region 
exposed for 20 seconds was slightly blue while that exposed for 30 seconds was 
a deeper blue. 

4. Visceral and cutaneous ca-pillary circulation. The following data represent 
observations on tissues in which the effects of direct trauma tended to be super- 
imposed on the more generalized shock condition. The description of the ob- 
served changes in the capillary circulation was taken from 20 rats. 

a. The effect of the trauma on the circulation was studied by exposing the 
meso-appendix of rats at varying intervals after they had been drummed for 
650 revolutions. Two of the criteria, that were especially noted, were the sen- 
sitivity of the muscular vessels of the capillaiy bed to epinephrine, and their 
vasomotion. This vasomotion is independent of the arterial pulsations and con- 
sists of a widening and a narrowing in slow, irregularly periodic sequences, vaiy- 
ing from about 15 seconds to 3 minutes (5). 

Five minutes after removal from the drum the capillaiy circulation was hy- 
peremic and sIoav. The terminal arterioles Avere partially dilated and lacked 
the vasomotion characteristic of arterioles in normal rats. However, there Avas 
a pulsatile flow evidently transferred from the arteries. Wien first observed, 
the circulation in the larger vessels v r as sIoav but it gradually became accelerated, 
a condition winch w'as found to correspond with the appearance of external signs 
of improvement noted in unanesthetized rats. In some cases a reversal of flow 
occurred in the smaller veins, the blood backing into the capillaries. The 
veins and arteries were hypersensitive to epinephrine. A concentration of 1 
part in 2 million, winch in the control, nembutalized rat induces slight arteriolar 
constriction, completely occluded the terminal arterioles and induced contrac- 
tions of the veins followed by uneven relaxations and irregular constrictions wiiich 
lasted 20-30 minutes. 

Thirty mimdes after removal from the drum, hemoconcentration w r as indicated 
by the closer packing than normally of the blood corpuscles in the capillaries 
while the flow was appreciably slow r ed in the arteries and veins and sluggish 
in the capillaries. The indications Avere that the hemoconcentration either had 
occurred previous to the period of observation or was occurring remote from the 
area under observation. The terminal arterioles and precapillaries still showed 
no vasomotion and now' were hyposensitive to epinephrine, constricting oafy 
with concentrations of 1 part in 1 million or higher. 

The application of heat, by causing the drip of Ringer’s solution to rise to 
40°C, resulted in the development of hemorrhages throughout the bed, indicat- 
ing an abnormal fragility of the capillaiy Avails. In the normal rat tliis amount 
of heat produced only a hyperemic Aoav with no sign of local hemorrhage. 

Sixty or more mimdes after removal from the drum the capillaiy bed Avas 
relatively ischemic Avith A r eiy little flow. Most of the blood coming from the 
arteries by-passed the capillary bed by floAving directly through cross shunts 
to the corresponding Aherns. The arteries Avere considerably constricted. The 
smaller A r enules contained a sluggish and resurgent Aoav A\ith a tendency of the 
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blood cells to be stagnated. Considerable back-flow from the veins into the 
capillary bed was observed, causing further stagnation. 

About 10-15 minutes before death, a sticking of leucocytes became evident 
in the walls of the smaller veins and venules. Responses of the muscular vessels 
to epinephrine were extremely poor, the application of a concentration of 1 part 
in 1 million yielding little or no response. 

b.' Peripheral circulation in the inlerdigital web and scrotum. Immediately 
on removal from the drum the blood in the capillary beds was found to be 
stagnant, the blood cells in the capillaries merely oscillating to and fro. There 
was no evidence, however, of true stasis in which the red cells become closely 
packed through the loss of plasma from the vessel. In some of the more deeply 
placed arterioles a slow, continuous flow usually persisted until shortly before 
death A The superficial venules were narrowed and appeared abnormally pale, 
containing only a very few red cells. No recovery of flow occurred in those 
rats which died within 2-3 hours after the trauma. 

SUMMARY 

1. Blood pressure. Exposure of 150 gram rats to 600-G50 revolutions in the 
Noble-Collip drum resulted in a lowered blood pressure which, in fatal cases, 
persisted below 60-70 mm. 

2. Hemoconcentration and plasma volume, a. The hematocrit values always 
showed an increase, averaging 12-15 per cent above the initial normal values. 
b. The total plasma volume in the majority of cases, showed a decrease of about 
12-15 per cent. 

3. Site of trauma. Protection of the abdomen during the drumming pre- 
vented the development of a shock-like state in rats subjected to drumming up 
to 1000 revolutions. 

4. Capillary circulation in the rats subjected to 650 revolutions of the drum, 
a. Visceral, i. The hyperemic state of the capillary circulation in the mesentery 
was probably due, in large part, to the direct trauma on the viscera. A slowing 
of the flow and absence of arteriolar vasomotion progressive^ became apparent 
concurrently with the fall in blood pressure, ii. The sensitivity to epinephrine 
w r as at first increased, particularly of the veins. It then progressively decreased to 
considerably below the normal response, iii. Hemoconcentration became visibly 
apparent within 30 minutes after the trauma, iv. In the terminal stages, the flow 
became increasingly restricted and was accompanied by a progressive stagnation, 
especially in the venous portion of the capillary bed. b. Peripheral. From the 
time of removal from the drum until death, the circulation was found to be stag- 
nant, with a slow flow only in a relatively few vessels. There was no sign of local 
hemoconcentration. 
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Both crude and crystalline trypsin are known to clot oxalatcd blood (1-3). 
Eagle and Harris (3) discovered that trypsin does not clot fibrinogen and that in 
appropriate amounts trypsin digests fibrinogen and fibrin, and clots oxalated 
plasma; trypsin also digests thrombin, and prothrombin (4). Ferguson and 
Erickson (5) found that crystalline trypsin, 1-2 mgm. acting alone were optimal 
for clotting citrated plasma, but when potentiated by calcium ions smaller 
amounts yielded quick solid clots. 

Huggins and Neal (G) observed that the prostatic secretion of man and dog 
normally contains proteolytic agents capable of digesting fibrinogen and fibrin 
of certain species. The agent which disolves fibrin closely resembles the fibrino- 
lvsin obtained as a metabolic product of hemolytic streptococci by Tillett and 
Gamer (7). Evidence was presented that this prostatic fibrinolysin was differ- 
ent from the activity which destroyed fibrinogen, fibrinogenase. Both proteo- 
lytic agents are present in human and dog prostatic fluids but in different 
amounts; human prostatic secretion contains much more fibrinolysin than fibrino- 
genase and canine prostatic fluid the reverse. Moreover, tiypsin as recognized 
by the splitting of denatured hemoglobin according to the method of Anson (8) 
is constantly present in dog prostatic fluid and less often in human secretion. 

In this paper we report the coagulation of oxalated plasma by prostatic fluid 
of the dog (DPF) and compare the clotting and fibrinolytic properties of pro- 
static fluid and tiypsin. 

Methods and materials. Prostatic fluid from 15 dogs was obtained by 
pilocarpine Stimulation following the prostatic isolation procedure of Huggins, 
Masina, Eichelberger and Wharton (9); this fluid was sterilized by passing it 
through a Seitz filter. Human prostatic fluid from eight normal men was pro- 
cured by massage of the prostate, per rectum ., and was tested immediately after 
centrifugation. 

Oxalated plasma was used throughout. Potassium oxalate, 2-8 mgm. per 1 
cc. of blood was used as anticoagulant. Rabbit blood was obtained by cardiac 
puncture in a syringe containing the oxalate dissolved in saline. Certain 
specified samples were recalcified with calcium chloride, 1.5 per cent, 0.33 cc. 
The commercial trypsin used, “Trypsin 1 : 250”, was manufactured by the Difco 
Laboratories.' It was dissolved in saline and filtered; the pPI of the solution, 
determined electrometrically, was 6.5. Heparin employed was that of Ilynson, 
Westcott and Dunning and was freshly dissolved in saline before using; the manu- 

1 This investigation was supported by a grant from the Committee for Research in 
Problems of Sex of the National Research Council. 
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facturcrs stated that 1 mgm. of this preparation prevented the coagulation of 
7.5 cc. of cat’s blood for 2-1 hours. Tiypsin content of prostatic fluid was deter- 
mined by the method of Anson (8) and the results are expressed in the units of 
Kolm, Shay and Gershon-Cohen (10). 

Beef plasma was freed of prothrombin by adsorption with magnesium hy- 
droxide and fibrinogen was prepared by the method of Smith, Warner and Brink- 
lious (11). 

In all of the experiments, plasma 1 ee., was mixed with 0.5 cc. of fluid to be 
tested, either undiluted or diluted with saline and immediately placed in a water 
bath at 37°C.; the times of coagulation and of lysis were determined. Unless 
otherwise stated, all of the data in this paper refer to the effect on plasma , 1 cc. 

Results. Coagulant action of proslatic fluid. DPF (from 15 dogs) always 
induced firm coagulation of oxalated rabbit plasma without added calcium. 
The calcium content of DPF is low, 0.3 mM per kgm. of water (9). The time of 
clotting induced by DPF varied from 4 to 31 minutes, the usual time being about 
10 minutes. With increasing dilution of DPF the clotting time became pro- 
gressively increased. In a typical experiment 1 cc. of oxalated plasma was clot- 
ted by 0.5 cc. of DPF in 9 minutes; by 0.1 cc. in 20 minutes; by 0.05 cc. in 35 
minutes; and by 0.006 cc. in 5 hours. With 9 specimens of oxalated beef plasma, 
DPF induced clotting in 22-50 minutes, without added calcium. In two in- 
stances diluted DPF, 0.006-0.05 cc. induced clotting of dog plasma, while in 
stronger concentrations no clotting occurred and the fibrinogen was destroyed. 
DPF never' induced clotting of human blood in any concentration in 12 tests. 

The prostatic fluid of 8 men always failed to clot oxalated rabbit plasma. The 
addition of calcium chloride after 4-21 hours resulted in a prompt, firm clot. 

Effect of excess oxalate and of heparin on coagulation of rabbit plasma by DPF. 
In drawing rabbit blood, precautions were taken to minimize spontaneous throm- 
bin formation. In addition to drawing the blood in a syringe containing liquid 
oxalate, the first 10 cc. of blood flowing from the heart were discarded and 
with the needle still in place a second sample was drawn into a fresh syringe. 
DPF consistently induced clotting of this oxalated plasma. An excess of potas- 
sium oxalate, 16 mgm. per 1 cc. of blood, still permitted this firm coagulation. 

The addition of heparin, 3 mgm. to 10 mgm. per 1 cc. of blood modified the 
coagulation of oxalated rabbit plasma by DPF in two respects. Instead of a 
firm clot, a heavy flocculation occurred in the plasma, which remained liquid. 
On microscopic examination, the coagulum consisted of interlaced fibrils resem- 
bling fibrin. No precipitation occurred in the plasma, from which the clot had 
been removed by centrifugation, on heating to 56° or on half saturation with 
NaCl. This flocculation occurred at a slower rate than did the coagulation 
of plasma by DPF without heparin; the flocculation developed in 21 minutes 
to 2 hours, as compared with its coagulation in ten minutes without heparin. 

Effect of heating on dialysis of DPF. Storing DPF in a refrigerator at 4°C. 
did not result in a loss of thrombin or fibrinolytic activity. The diatysis of 
DPF in a cellulose bag against running tap water at 4°C. for 5 days had no 
effect on its ability to clot oxalated dog or rabbit plasma or to effect subsequent 
fibrinolysis. 
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Ashing DPF at 550°C. with resolution of the ash in distilled water equal to 
the original amount abolished its coagulant and lytic actions. 

Heating DPF at 60°C. for 30 minutes still permitted it to coagulate rabbit 
plasma in the same time as occurred with unheated DPF; heating to 70°C. for 
10 minutes abolished the clotting action of DPF. Exactly similar findings were 
observed with heated trypsin solutions in saline. 

Coagulative capacity of DPF on prothrombin and fibrinogen. DPF always 
failed to clot purified beef fibrinogen solutions. When prothrombin was added 
to a mixture of DPF and fibrinogen clotting occurred in 6 minutes. Clotting 
was not observed when DPF was added to beef plasma from which prothrombin 
had been adsorbed with colloidal Mg (OII)o after adjusting the adsorbed plasma 

TABLE 1 

The effect of dog prostatic fluid, on coagulation and on lysis of fibrinogen and fibrin of plasma 
One cubic centimeter of oxalated plasma + 0.5 cc. of prostatic fluid, undiluted or diluted 
to 0.5 cc. In series A, CaCl 2 was added immediately after mixing; in series B, CaCl 2 was 
added 6 hours after incubation. 


AMOUNT OF PROSTATIC SECRETION IN TEST (CC.) ' 



0.5 

0.1 

0.05 

0.025 

0.016 

0.01 

0.006 

0.005 

Human plasma: Series A, 









calcium added immedi- 
ately 









Coagulation (minutes) . . . 

none 

4 

4 

4 

4 

4 

4 

4 

Fibrinolysis (hours) 

Human plasma: Series B, 


7 

18 

none 

none 

none 

none 

i 

none 

no added calcium 
Coagulation (minutes) . . . 

none 

none 

none 

none 

none 

none 

30* 

03 

O 

Fibrinolysis (hours) 

Rabbit plasma: no added 







none 

none 

calcium 

Coagulation (minutes) . . . 

10 

30 

30 

ISO 

180 

5* 

5* 

5* 

Fibrinolysis (hours) 

16 

16 

16 

none 

none 

none 

none 

none 


* No clotting in 6 hours: calcium then added. 


to pH 7.4. DPF added to phosphated plasma produced clotting in 20 minutes. 
It was assumed that the magnesium solution had mure effectively removed 
prothrombin than did calcium phosphate. 

Trypsin content of DPF. The tiyptic activity of 12 fresh specimens of DPF 
on denatured hemoglobin was determined (8) and values were obtained ranging 
between 0.1 to 1.1 unit, an average of 0.59 unit; 1 trypsin unit represents such 
tryptic activity as develops chromogen equivalent to tyrosine, 1 mgm., in 1 
minute under the stated conditions, expressed per 100 cc. (10). 

Action of prostatic fluid and trypsin on human and rabbit plasma. DPF added 
to oxalated human plasma never induced coagulation but destroyed fibrinogen 
in concentrations as low as 0.01 cc. (table 1). Prompt clotting occurred in the 
uhclotted specimens when beef fibrinogen was added after incubation for 6 
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hours. Added to oxalated rabbit plasma, coagulation occurred -with as little 
DPF as 0.01G cc. 

Trypsin in 10 mgm. amounts destroyed human and rabbit plasma fibrinogen 
before clotting occurred. Trypsin in amounts 1 mgm. to 5 mgm. caused clotting 
of human plasma, but smaller quantities were ineffective (table 2). Rabbit 
plasma was clotted with much smaller amounts of trypsin than human plasma; 
trypsin in amounts of 0.1 to 5 mgm. being effective. Human fibrin was digested 
with slightly less amount of trypsin than rabbit fibrin. 

Heparin was found to interfere with the digestive action of trypsin on fibrino- 
gen. In the presence of heparin 3 mgm., trypsin 10 mgm. produced flocculation 
of dog plasma, an amount which promptly destroyed fibrinogen in the absence 
of heparin. 


TABLE 2 

Coagulation and fibrinolysis induced by trypsin in human and rabbit plasmas 
One cubic centimeter of oxalated plasma + 0.5 cc. tr 3 'psin solution 


AMOUNT Or PANCREATIC TRYPSIN IN TEST (l!CM.) 


* 

10 

5 | 

' 3 

2.5 

2.0 

1.5 

1.0 

0.5 

0.1 

Human plasma 





( 





Coagulation (minutes) .... 

none 

15 

15 

15 

15 I 

40 

18 hr. 

none 

none 

Fibrinolysis (hours) 


I 

4 

5 

18 

18 

none 

none 

1 none 

none 

Rabbit plasma 










Coagulation (minutes) .... 

none 

3 

15 

15 

15 

15 

15 

90 

18 hr. 

Fibrinolysis (hours) 

. 

! 1 

: 4 

5 

18 

none 

none 

none 

none 

none 


Discussion. Pancreatic trypsin according to its concentration affects plasma- 
in various ways. Large amounts destroy fibrinogen, smaller quantities coagulate 
oxalated plasma and subsequently the fibrin dissolves, while still smaller amounts 
clot plasma without destroying fibrin (3). Ferguson (15) has concluded that 
both crude trypsin and pure crystalline tiypsin show parallelism of behavior 
with respect to fibrinogenolysis and fibrinolysis. 

Human prostatic secretion has a powerful fibrinolytic action but destroys 
fibrinogen at a slow rate (6). This fluid never clots oxalated rabbit plasma and 
inconstantly contains tiypsin according to the method of Anson. This is further 
evidence that the principal proteolytic enzyme of human prostatic fluid is 
fibrinolysin similar to the fibrinolysin obtained from hemolytic streptococci by 
Tillett and Gamer (7) and that it differs in its activity from the main proteolytic 
enzyme of prostatic fluid of the dog and from pancreatic tiypsin. 

Many of the properties of DPF resemble tiypsin, which is constantly de- 
tectable in small amounts in this fluid. Both DPF and tiypsin coagulate 
oxalated rabbit plasma but not fibrinogen or plasma from which prothrombin 
has been adsorbed. Both clot rabbit plasma in concentrations too low to cause 
fibrinolysis. Both the commercial tiypsin used and DPF were active after 
heating at G0°C. for 30 minutes and both were destroyed at 70°C. Heparin 
added to oxalated rabbit plasma did not prevent coagulation by tiypsin or DPF. 
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Ferguson and Glazko (12) found that licparin decreased the proteolytic activity 
of trypsin and in line with this observation we found that heparin, 3 mgm. per- 
mitted trypsin 10 mgm. to clot oxalated plasma, an amount which destroyed 
fibrinogen before clotting in the absence of heparin. 

There are also points of similarity between the proteolytic activity of DPF, 
trypsin and the enzyme prepared from chloroform treated plasma by Tagnon 
and associates (13, 14). Tagnon’s preparation from dog plasma (13) clotted 
plasma containing prothrombin, but did not coagulate fibrinogen. At low con- 
centration, the chloroform plasma globulin from human blood (14) clotted 
fibrinogen Avhile at higher concentration coagulation was followed by fibrinoly- 
sis and in still larger amounts fibrinogen oly sis resulted with no coagulation. 

One important difference was observed between the proteolytic effects of 
trypsin and the chloroform plasma globulin on the one hand and DPF, in that 
DPF has far greater activity in destroying human plasma fibrinogen than in 
destroying fibrin; with diluted amounts of DPF, fibrinogen is digested before 
clotting occurs wiiile the same amounts did not cause fibrinolysis of blood which 
had been recalcified. Trypsin in large amounts destroys fibrinogen promptly 
wiiile smaller amounts are ineffective. The smallest amounts of DPF clotting 
rabbit plasma destroyed human fibrinogen in 5 hours wiiile the smallest amounts 
of trypsin effecting clotting did not digest this protein (tables 1, 2). 

It should be stressed that the enzymes of prostatic fluid have not been iso- 
lated in a chemically pure state and that deductions at the present time are 
based on the physiological activity of these fluids. Much evidence has showm 
the proteases are to be considered as “enzjune and inhibitor” systems: until 
the conditions and degree of activation of these modalities are more clearly 
defined than at present conclusions drawn as to the chemical nature of the 
prostatic proteases must be tentative. However, it is concluded that the 
proteolytic properties of DPF are functionally not identical with pancreatic 
trypsin, although the similarity of many properties suggests that fibrinogenase 
and trypsin are closely related. 


SUMMARY 

The prostatic secretion of normal dogs in effective amounts constantly clots 
oxalated rabbit and beef plasmas, and a mixture of fibrinogen and prothrombin, 
but does not coagulate fibrinogen alone or prothrombin-free plasma. This clot 
formation proceeds in the presence of large amounts of oxalate and heparin, 
although with heparin a flocculated precipitate develops instead of a firm clot. 
Dog prostatic fluid does not coagulate human plasma since fibrinogen is destroyed 
before clotting occurs. Thrombic activity of dog prostatic fluid is stable for 
months at 4°C. It does not disappear on prolonged dialysis against tap water 
or on heating at 60°C. for thirty minutes but is destroyed at 70°C. 

Human prostatic fluid does not coagulate oxalated plasma. 

Many proteolytic properties of dog prostatic fluid resemble those of pancreatic 
trypsin ; an important difference is the greater activity of prostatic secretion even 
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in low dilution in destroying plasma fibrinogen compared with fibrin. Trypsin 
does not possess this effect. 

The principal proteolytic activity of dog prostatic fluid, fibrinogenase, re- 
sembles, but is not physiologically identical with, trypsin; the chief proteolytic 
enzyme of human prostatic fluid is fibrinolysin. 
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In a previous report (1) it -was shown that pseudopregnancy can be induced 
in the' rat by an intravenous injection of a copper solution at the time of estrus. 
Furthermore it was shown that the estrous rhythm of the rat is not appreciably 
altered by similar injections during the metestrous or diestrous phases of the 
cycle. These results suggested the possibility that the responsiveness of the 
rat varies with the cyclic fluctuations of endogenous estrogen. If this is the 
case, pretreatment with estrogen should make it possible to induce pseudopreg- 
nancy by injections of copper solution at other stages of the estrous cycle. The 
experiments described in this paper were designed to test this possibility. 

Materials and .methods. The rats used in this study were of the Wistar 
strain, bred and raised in our stock colorry . Six to S rats were kept in a cage 
and the experimental observations were started after they were 80 to 150 days 
of age. Individual daity vaginal smear records were kept throughout the in- 
vestigation until the animals were sacrificed. As a rule the smears were taken 
at about 9 o’clock a.m. each day and the rats were used only after they had 
exhibited two or more normal estrous cycles. After an injection, a prolonged 
diestrus (10 to 14 days) was considered evidence of an induced pseudopregnancy. 
The technique of the intravenous injection and the preparation of the copper 
acetate solution was the same as described previously (1). 

The estrogen used in these experiments was crystalline estrone 3 dissolved in 
sesame oil. In order to avoid the toxic effects as described by Crafts (2) the oil 
was treated b 3 r the method of Bruce and Tobin (3) and the dose kept very 
small. In our experience, volumes of oil greater than 0.1 cc. are not absorbed 
from subcutaneous sites within a 24 hour period. By the use of a special 0.25 
cc. Luer syringe it was possible to inject doses ranging from 0.01 cc. to 0.05 cc. 
in volume. The concentration of the estrone in the oil was 400 gamma per 
cubic centimeter. 

Experimental. Fifty rats were given an intravenous injection of 1 per cent 
copper acetate solution (0.1 cc.) at the time of estrus with a resultant pseudo- 
pregnancy in every case. Seventeen rats were injected with copper at the time 
of metestrus and 17 at the time of diestrus but pseudopregnancy did not occur 
in any case. However, when estrone (8 to 12 gamma) was given during the 

1 This research was supported by an appropriation from Bankhead-Jones funds (Bank- 
kead-Jones Act of June 29, 1935). 

2 Now with the Bureau of Animal Industry, Agricultural Research Administration. 

s The estrone was generously supplied by Dr. Max Gilbert of the Schering Corporation. 
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afternoon of the clay of an estrous smear and then the copper was given the next 
morning (normally metestrus) there was a resulting pseudopregnancy in every 
case (37 rats shown in table 1). Similarly when estrone (8 to 12 gamma) was 
given on the day of metestrus and then the copper given on the next day (nor- 
mally diestrus) pseudopregnancy was induced in a majority of the rats. 

Varying the dose of estrone makes it apparent that a dose of 4 gamma is 
effective when given at the time of estrus but not when given at metestrus. 
Similarly, doses of 8 to 12 gamma of estrone are not uniformly effective when 
given at metestrus. The doses of estrone used in this study did not appreciably 
alter the rhythm of the vaginal smears except that estrone given at estrus 

TABLE 1 


Summary of results showing how estrogen pretreatment facilitates the action of copper acetate 

in adult female rats 


NUMBER 

PHASE OP CYCLE AND TREATMENT 

PSEUDOPREGNANCY INDUCED 

OF RATS 

1 






U5ED 

Estrus 

Metestrus 

Biestrus 

No 

Yes 

Per cent 
yes 

50 

Cu 



0 

50 

100 

17 


Cu 


17 

0 

o. 

17 



Cu 

17 

o 

0 

5 

Sesame oil 



5 

o 

0 

17 

Sesame oil 

Cu 


17 

o 

0 

31 

Estrone 4 to 12-y 



31 

I 0 

0 

7 

Estrone 4y 

Cu 

! 

2 

5 

71 

37 

Estrone S to 12-y 

Cu 


0 

37 

100 

6 


Estrone 4 to 12y 


6 

0 

0 

4 


Estrone 4y 


4 

0 

0 

8 


Estrone 8 to 12y 


2 

G 

75 

3 


Estrone 16 to 24y 


0 

3 

100 

7 1 

Estrone 30 to lOOy 

1 1 


0 

7 

100 


Cu denotes an intravenous injection of 0.1 cc. of a 1 per cent solution of copper acetate. 

Sesame oil, subcutaneous injections ranging from 0.03 to 0.05 cc. 

Estrone in sesame oil 400 gamma per cc. given subcutaneously. 

Since these three phases of the estrus cycle come on successive days the interval between 
estrone and the copper injections was IS to 20 hours. 

maintains the comification stage for the next day or two. These results indi- 
cate that an appropriate dose of estrogen makes the rat as responsive to an 
injection of copper solution at other stages of the cycle as it normalty is at 
estrus. 

A note of caution should be added here since it has been found that larger 
doses of estrone (30 gamma or over) given at the time of estrus will induce 
pseudopregnancy. In other experiments (not shown) single injections of 40 
g amm a given at estrus have caused the same cessation of cycles as was produced 
by the prolonged daily injections of 40 R. U. of estrone reported by Merck el 
and Nelson (4). Astwood and Greep (5) had reported that toxic materials 
would induce pseudopregnancy so a number of controls were given sesame oil 
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Nvitli and without subsequent injections of copper but the tests were uniformly 
negative as shown in table 1. 

Since the completion of these observations on the rat the study has been 
extended by one of us (J. T. B.) to include the rabbit. Copper injected in- 
travenouslj' into the estrous rabbit induces ovulation and pseudopregnancy (6). 
However a series of tests have shown that anestrous rabbits do not ovulate after 
an intravenous injection of copper solution. Table 2 summarizes the results 

TABLE 2 


Sumnary of results showing that estrogen prelrcalmcnt of the anestrous rabbit makes it possible 

to induce ovulation by copper acetate 


"RABBIT 

i 

R ESTROGEN* 

t . . 

R COPPER 

OVULATION RESPONSE 

Date 

Date 

Date 

i 



9/1 

Negative 

2 



9/1 

Negative 

3 



9/1 

Negative 

4 



9/1 

Negative 

5 



8/24 

Negative 

5 

10/20 

10/21 

10/22 

Positive 

G 



9/1 

Negative 

G 

10/20 

10/21 

10/22 

Positive 

G 



11/23 

Negative 

G 

12/8 

12/9 

12/10 

Positive 

7 

10/20 

10/21 

10/22 

Positive 

7 



11/23 

Negative 

7 

12/7 

12/8 

12/9 

Positive 

8 

12/29 

! 12/30 


Negative 

9 

12/29 

12/30 


Negative 

10 

12/29 

12/30 


Negative 

11 

12/29 

12/30 


Negative 



Controls (estrous rabbits) 


12 



S/24 

Positive 

13 



10/22 

Positive 

14 



11/23 

Positive 

15 


j 

11/23 

Positive 

16 

12/16 

12/17 


Negative 

17 

. 12/16 

12/17 


Negative 


Dosage: Estrogen, 10,000 I.U. subcutaneously. Copper, 1 cc. of a 1 per cent solution 
of copper acetate intravenously. 


obtained when anestrous rabbits were given an injection of 1 cc. of a 1 per cent 
solution of copper acetate. Ovulation was induced in all 4 control rabbits but 
in none of the. 7 anestrous rabbits. However when the anestrous rabbits were 
given 10,000 I. U. of estrogen 4 subcutaneously on each of two successive days 
and then were given copper solution on the third day, ovulation occurred in 
each case (5 times in 3 rabbits). These rabbits were considered anestric on the 

4 This estrogen (40,000 I.U. per cc. in propylene glycol) was generously supplied by 
Dr. J. P. Schooley, Difco Laboratories Inc. 
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basis of having a tiny atrophic uterus judged by abdominal palpation and 
verified at laparotomy. 

Discussion. The apparent enhancement of the sensitivity of the adult rat 
and the anestrous rabbit by pretreatment with estrogen may be an effect similar 
to that reported by Lane (7). He found that small doses of estrogen given for 
a short period of time seemed to stimulate the ovaries of the immature rat. 
Fevold et al. (8) and Frank and Berman (9) found that pretreatment with estro- 
gen augments the ovarian response to gonadotropic extracts. Cytological 
studies of the pituitary indicate that the initial effects of estrogen may bring 
about a discharge of gonadotropic hormone (10). 

There is also the possibility that estrogen pretreatment exerts its effect at 
least in part through the nervous system since the work of Brooks et al. (6) indi- 
cates that copper induces ovulation by an excitation of the central nervous 
system. Boling and Blandau (11) have shown that appropriate doses of estro- 
gen and progesterone will induce a state of sexual receptivity in the guinea pig 
and rat. Ball (12) studied the effect of estrogen on sex behavior and concluded, 
“that the gonadal hormone does not organize the mating behavior pattern in 
the adult but merely activates a pattern already present.” It seems possible 
therefore that estrogen may sensitize certain neural mechanisms which normally 
function only at estrus. In our experiments it seems that copper is an effective 
stimulus only when some mechanism (possibly neural) has been activated by 
estrogen. 

SUMMARY 

1. Intravenous injections of 0.1 cc. of a 1 per cent copper acetate solution 
induce pseudopregnancy in rats if injected at the time of estrus. This dose of 
copper does not induce pseudopregnancy if injected during metestrus or diestrus. 

2. Pretreatment with estrogen makes it possible to induce pseudopregnancy 
by injection of copper during metestrus or diestrus. 

3. The dose range of estrogen which makes metestrous and diestrous rats 
equally as susceptible as the normal estrous rat to the stimulus of copper has 
been determined. 

4. Pretreatment with estrogen makes it possible to induce ovulation and 
pseudopregnancy in the anestrous rabbit by an intravenous injection of copper 
acetate. 
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Our purpose in this investigation was to determine the composition of a diet 
which rats would choose if they could exercise choice, similarly as do people. 
After this dietary composition was determined by weighing the foods eaten by 
the rats, we then wished to make some animals hypothyroid by thyroidectomies, 
and others Iryperthyroid b.y feeding them desiccated thyroid tissue. A recent 
clinical study on hyperthyroid patients (8) indicated uniformly low protein 
intake, as compared with a group of patients with supposedly normal thyroid 
activity. 

There is an extensive literature which deals with the free-choice, or self- 
selection, or cafeteria-style method of feeding animals and children which we 
shall not review here (see references 1-7). Earlier studies have shown that 
within certain limitations, food selection as guided by appetite is a good method 
of promoting growth and health in animals and infants (7). Certain deficiency 
diseases have been found to be compensated for by modifications in dietary 
selection (6), but this is not always the case. 

Methods. 1. Food selection. We kept several groups of newly weaned male 
rats in individual round wire cages. Each rat was kept in an individual round 
wire cage, surrounded bj r six food cups. These cups contained casein, dextrose, 
leaf lard, baker’s yeast (grown on molasses and killed), powdered agar, and 
Osborne and Mendel’s salt mixture. We added a daily cod-liver oil supplement 
of one drop (1000 U.S.P. units of vitamin A and 100 U.S.P. units of vitamin D). 
Agar was added to supply bulk and is not further considered in this paper. 

The food cups were weighed every four days, and filled again to a predeter- 
mined weight in grams. We used 100 cc. glass beakers as food cups, and avoided 
spillage by a hollow metal cylinder insert. In this cylinder we soldered a down- 
ward-sloping shelf, with a f.inch hole in the middle. 

2. Basal metabolic rates (BMR’s). The apparatus used was of the type which 
measures oxygen consumption. The animal container was a large glass desic- 
cator jar, in which the animal sat on a wade -mesh wire screen. The bottom of 
the jar contained saturated salt water, which deodorized excreta and kept the 
humidity relatively low. The animal received oxygen from a rectangular float 
which moved a pointer on a large scale, so that the cubic centimeters of oxygen 
used could be read off. Soda lime was placed in a wire “collar” surrounding 
the animal for the absorption of carbon dioxide. During the routine tests, 
the carbon dioxide concentration in the animal chamber was about 0.10 per cent, 
and the oxygen concentration was about 21.5 per cent. Three such entire 
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apparatus were set in soft rubber and housed in a noiseless constant tempera- 
ture chamber. All readings could be made through a glass front, without 
opening the chamber. The rats were exposed to fairly bright lights during the 
tests, since this seemed to keep them more quiet. 

Eats were fasted 18 hours prior to a BMR test. A test consisted of four 
measurements of oxygen consumption while the animal was quiet, each for 
a period of 15 minutes. The average of the two lowest readings was used as 
the basis for calculation. We calculated all our BME’s as calories per square 
meter of body surface per 24 hours, using the following formula: 


24 X cc. 0 2 used/hr. X 4.825 X correct. T. & P. 
9.1 \/Wt. of animal 2 


Cal./sq. m./24 hr. 


The variation or “error” on repeated tests with the same animal was about 
G per cent by the above method. 

3. Thyroidectomies on rats. A successful complete thyroidectomy was in- 
dicated by a notably coarser hair coat, by sluggishness, cessation of growth 
and by a drop in the BMR. Only about half of the thyroidectomies performed 
met these criteria over a period of months; the remainder showed an initial 
effect which wore off after a few weeks, and some of these animals later became 
very hyperactive. 

4. Hyperthyroid rats. It was relatively easy to make animals hyperactive, 
with cessation of growth and a rise of 30 per cent to 50 per cent in the BMR. 
We mixed 100 mgm. of desiccated thyroid (Armour’s) into a solution of 25 per 
cent cane sugar, and fed each rat a half cubic centimeter (i.e., 50 mgm. of thy- 
roid) every two or three days, depending on how definite^ hvperthyroid the 
animal became. Rats like sugar water, and licked this thyroid mixture directly 
off the tip of a tuberculin syringe. 

Results. 1 . General character of self-selection. The survival of the species 
is proof that rats are able to find and select a diet in nature which supports 
growth and reproduction. The food elements found “in 'nature”, however, are 
very likely to be mixtures of various constituents, and thus survival of the race 
does not answer the question whether the chemical detectors at the oral end of 
the organism are adequate to select an adequate diet from among chemically 
pure foods. 

In a short preliminary experiment we fed 13 rats with four feeding cups in 
each cage, the cups containing casein, dextrin, lard, and a mixture of equal parts 
of yeast and salt mixture. After one month, 5 of these rats looked healthy and 
gained weight. The other 8 rats looked sick and lost weight. The intake of 
dextrin and lard in the two groups was not very different, but the casein intake 
was dramatically low for the sick group. This absence of protein appetite 
was possibly due to a low intake of yeast, as seen in table 1. This table presents 
the average intake per rat in grams per day of the two groups of rats. 

We separated the salt mixture and the yeast into separate feeding cups, and 
in further experiments only about 1 rat in 20 failed to select a diet which sup- 
ported growth. The character of self-selection in a typical normal rat over a 
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period of several months is illustrated in figure 1, and is discussed later. Figure 
1 gives a curve of total caloric intake at the top; then three curves of caloric 
intake as protein, carbohydrate and fat. This rat was 3 months old at the 
beginning, and the dates give the time of year and duration of study. Below 
is a growth curve and the curve of normal BMR variation. 

2. Growth curves. We charted the growth of individual rats, as well as of 
groups of rats, in order to have a constant objective criterion of the general 
welfare of our animals. The first indication of dietaiy insufficiency (because 
of poor selection or other reasons) was frequently a change of slope in the growth 
curve. 


TABLE 1 

Average food intake -per rat per day 



CASEIN 

DEXTRIN 

LARD 

S ALTS AND 
YEAST 

TOTAL 


grams 

grams 

grams 

grams 

grams 

Healthy rats 

2.3 

3.3 

2.1 

1.1 

8.8 

Sick rats 

CO 

© 

3.0 

1.6 

0.6 

5.5 



Fig. 2. Study of growth curves in 3 groups of litter-mate controls with 5 rats in each 

group 

We found that the great majority of rats selected a diet which promoted nor- 
mal growth. Figure 2 shows growth curves of 3 groups of litter-mate controls. 
One group received the standard Osborne and Mendel diet mixture, another was 
fed Purina dog biscuit and various other foods used for stock animals in our 
laboratory, and the third group was on selective feeding. During the first one 
and a half months the selecting rats did slightly less well than the others, but 
in the long run the selected diet seemed somewhat superior in promoting growth. 
The results of this experiment prompted us to use a larger number of animals 
over a longer period of time — an experiment that is still in progress. 

Figure 3 shows the general trend of the individual growth curves of six normal 
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rats kept on selective feeding for almost a year, as veil as growth curves of a 
typical hypothyroid and of a typical hyperthyroid rat. 

3. Age differences in food selection. In the course of our work we discovered 
that rats seem to undergo a change of appetite at the age of about 4 months. 
This is illustrated by the data in table 3. The age of 4 months also marks a 
decrease in rate of growth (fig. 3). In order to make possible comparisons 
among rats of various ages and sizes, all our data below was calculated in terms 
of grams or calories eaten per 100 grams body weight per 4-day period. Then 



TABLE 2 

Average BMR’s in cal./sq. m. body surface/24 hours 


\ 

; 

t 

BEFORE 120 DAYS 
(all are normals here) 

AFTER 120 DAYS 

Straight normals 

8S9 

S62 

736 (hypo-period) 

1060 (hyper-period) 

Hvpothyroids 

S91 (normal period) 

7S0 (normal period) 

Hvperthyroids 



we chose the age of 120 days as an arbitrary division between “young” and “old” 
rats, and made sure that all our comparisons took this factor into consideration. 

4. Basal metabolic rates. We used three groups of rats, with 6 rats in each 
group. Up to the age of about 100 to 120 days, all 3 groups were normal ani- 
mals. After the age of about 120 days, we selected 6 healthy animals as normals 
(see growth curves in fig. 3) , 6 others from our thyroidectomies as good hypo- 
thvroid rats, and the remaining 6 were our best hyperthyroid rats. Table 2 
presents average BMB/s for these 3 groups; in any one group the same animals 
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studied before the age of 120 days are also used in data for the period after the 
age of 120 days. 

It will be noted that the strictly normal group experienced a drop in BMR 
of 3 per cent after the age of 120 days. The hypothyroids were 17 per cent 
lower after thyroidectomy than before. Finally, the hyperthyroid group had 
a 36 per cent higher BMR after the feeding of thyroid tissue than before. The 
clinical symptoms of hjqiothyroidism and hyperthyroidism correspond quite 
closely to the BMR. While the hypothyroids seemed sluggish, the hyper- 
thyroids often made themselves conspicuous by violently jumping around in 

TABLE 3 


Average grams of food eaten per rat per 100 grams body weight per 4--day period 


FOOD ARTICLE 

. j 

BEFORE 120 D AVS (ALL NORMAL HERE) 

AFTER 120 DAYS (POST-OP., ETC.) 

Straight 

normals 

To be hypo- 

To be hyper- 

Straight 

normals 

Hypo- thyroids 

Hyper-thyroids 


grams 

grams 

grams 

grants 

grants 

grams 

Casein ! 

5 

5 

4 

6 

6 

6.5 

Dextrin 

7 

8 

12.5 

5 

5 

7 

Lard 

3 

2.5 

1 

i 

1 

2 

Yeast 

3 

5 

5.5 

2 

1.5 

3 

Salt 

0.3 

0.6 

0.2 

! 

0.2 

0.3 

0.2 

Total 

18.3 

21.1 

23.2 

14.2 

13.8 

18.7 


TABLE 4 


Average food intake of S groups of rats, in per cent , calculated on basis of weight of food in grams 


FOOD ARTICLE 

BEFORE 120 DAYS (ALL NORMAL HERE) 

AFTER 120 DAYS (POST-OP., ETC.) 

Straight 

normals 

To be hypo- 

To be hyper- 

Straight 

normals 

Hypo-thyroids 

Hyper-thyroids 


per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

Casein 

27 

24 

17 

42.5 

44 

35 

Dextrin 

38 

38 

54 

35 

36 

37 

Lard 

17 

12 

4 

7 

7 

11 

-Yeast 

16 

24 

24 

14 

ii 

16 

Salt 

2 

2 

1 

1.5 

2 

1 

Total 

100 

100 

100 

100 

100 

100 


their cages. Several such hyperthyroid rats learned to pull our non-spill feeders 
apart. 

5. Composition of diets selected. In reporting our data, we have converted 
all figures to apply per 100 grams of the animals’ body weight, so that we can 
compare the feeding of young and of older animals. Table 3 shows the intake, 
in grams, averaged for the three groups of 6 rats each, and calculated for a 4-day 
period. For ease in further interpretation, the data in table 3 have been con- 
verted into percentages, as seen in table 4. 
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Finally, table 5 presents the percentages of caloric intake as protein, carbohy- 
drate, and fat. Tables 3, 4 and 5 all contain data based on the same 18 rats. 

Discussion. An examination of tables 3, 4 and o yields several observations. 
(Note that data in table 3 are per 100 grams body weight.) It is seen from 
table 3 that there is a relative decrease in food intake with increasing age. 
This decrease amounted to 22 per cent in our normal rats, to 35 per cent in 
thyroidectomized rats, and to only 19 per cent in the hyperthyroid rats. Ac- 
tually, these hyperthyroid rats ate a lot more food per 100 grams body weight 
than did either the normals or hvpothyroids (table 3). 

A decrease in appetite for lard with increasing age is seen in these tables, 
at least in the normal and hypothyroid rats. The increase in lard consumption 
by hyperthyroid rats is largely due to one rat, which ate much lard after being 
fed thyroid tissue. 

These tables show an unexpectedly high protein intake. As seen in table 5, 
young rats selected 28 per cent to 32 per cent protein (this includes the protein 
fraction of yeast). Older rats even showed a maiked increase in this protein 


TABLE 5 

The percentages of caloric intake as protein , carbohydrate and fat 


] 

DIETARY CONSTITUENT 

BEFORE 120 DAYS (ALL NORMAL HERE) 

AFTER 120 DAYS (POST-OP., ETC.) 

Straight 

normals 

To be 
hypo- 

To be 
hyper- 

Straight 

normals 

Hypo- 

thyroids 

Hyper- 

thyroids 

Protein 

Carbohydrate 

Fat j 

1 

per cent 

30 

39 

31 

i 

per cent 

32 

44 

24 1 

i 

per rent 

28 

63 

9 

per cent 

46 

39 

15 

per cent 

46 

39 

15 

percent 

38 

41 

21 


feeding, to the point where almost half their diet consisted of protein. This was 
not due to illness, because all animals reported here were consistently healthy, 
and the normals had a good coat of hair at all times. This experimental result 
raises a question as to why over 22 per cent protein should impair the appetite 
of white rats, as has been reported (9). The high intake of protein is the more 
remarkable in view of the apparent dislike rats have for casein. However, this 
is explained in part by the fact that some of the protein intake was in the form 
of yeast, which rats like. 

The relatively high intake of yeast by these rats is interesting and contrary 
to earlier reports (10). For some 4-day periods certain rats averaged over 5 
grams of yeast intake per day, and they not uncommonly ate 3 or 4 grams of yeast 
per day. Table 3 shows that the thyroidectomized animals demonstrated the 
greatest drop in yeast appetite. 

The appetite of rats for salt mixture has varied somewhat in our experience 
with selective feeding, and has been greater in some groups of young rats than 
is shown here. However, older rats uniformly prefer a low salt intake, and they 
usually eat slightly less than 2 per cent salt in their, selected diet (table 4). 

The appetite of rats for dextrin resembles then- appetite for lard in that these 
constituents are selected with peculiar variations. A rat may suddenly reverse 
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its selection from a low carbohydrate and high fat diet, to a low fat and a high 
carbohydrate diet; some weeks or months later another reversal of selection may 
occur (fig. 1). Such variable feeding on dextrin and lard is reflected in the 
variations among the three groups before the age of 120 days, when the rats are 
still all normal (tables 3 and 4). These observations resulted from our study 
of individual animals over a period of several months. Other studies in self- 
selection with rats have not been continued for such long periods of time (1, 4, 6). 

In closing tills discussion some comparison should be made between the diets 
selected by our rats and a well-known standard diet, such as that of Osborne 
and Mendel. We have found that the latter diet does not support good growth 
in rats after they have been raised on it to the age of 4 or 5 months. Possible 
deficiencies may be suggested by the comparison in table 6. 

It is readily seen that the young rats select a diet more nearly like that of 
Osborne and Mendel than do the older rats. The low protein, high fat and salt 
content of the standard diet seem to make it unsatisfactory for older rats. 


TABLE 6 

Constituents of the standard Osborne and Mendel diet , of the self-selected diet of our 18 young 

rats, and of our 6 older rats, respectively 


FOOD ARTICLE 

OSBORNE AND MENDEL 
DIET 

DrET SELECTED BY 
YOUNG RATS 

i 

DIET SELECTED BY 

OLD RATS 


per cent 

per cent 

per cent 

Casein 

IS 

22 

42.5 

Dextrin 

52 

44 

35 

Lard 

24 

10 

7 

Yeast 

3 

22 

14 

Osborne & Mendel salt mixture . . 

3 

2 

1.5 


CONCLUSIONS 

1. Selective feeding, using relatively pure constituents, will support good 
health and growth in most rats for a period of over one year. 

2. All food constituents should be kept in separate feeding cups, rather than 
having some mixed together (such as yeast and salt). 

3. The diet selected by rats varies according to age; and the critical age divid- 
ing “young” and “old” rats is about 4 months. 

4. Older rats eat less food per 100 grams bod}' weight than do young rats. 

5. Young rats select more fat and salt than do older rats, while the latter 
eat more protein. However, all our groups have eaten much more protein than 
is allowed in the Osborne and Mendel diet. 

6. The alternate intake of fat and carbohydrate is so definite in some rats 
as to suggest that they “eat for calories.” 

7. Six rats were made hypothyroid, 6 others were made hyperthyroid, and 
6 were kept as normal controls. The thyroidectomized rats showed a markedly 
greater decrease in food intake than did the normals, while the hyperthyroid 
rats ate much more food than either of the other two groups. No characteristic 
qualitative differences in food selection were noted due to thyroid abnormalities. 
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In terms of the actual work output of individual organisms very little is kn own 
regarding the energy value of various foodstuffs. In the series of which the 
present experiment forms a part an effort is being made to throw more light on 
this phase of the nutritive value of foods. 

In previous experiments measurements were made of the spontaneous work 
output (revolutions of a drum) of rats kept on a diet in which dextrose consti- 
tuted the sole source of nourishment (1). On this diet the rats lived an average 
time of 36 days and did not show anj r signs of specific nutritional deficiencies, 
though they were markedly emaciated. Of special interest in the present con- 
nection is the fact that the rats remained very active, averaging 10 to 12 miles 
per day in the revolving drum for the first 20 days. When given access to a 0.02 
per cent solution of thiamine hydrochloride the rats on dextrose lived slightly 
more than twice as long, averaging 74 days. The only definite deficiency symp- 
tom shown during this time was a constant cornification of the cells of the 
vaginal smears, after an average time of 51 days, presumabl}' indicating a lack 
of vitamin A. Here again the rats remained very active, averaging 6 to 8 miles 
per day up to 60 days on the diet. Clearly, dextrose, either alone or supple- 
mented with thiamine hydrochloride, serves as an excellent source of energy. 
Similar studies have been made using maltose, sucrose, levulose, galactose and 
lactose (2, 3). 

In the present experiments this same technique has been applied to the study 
of the energy value of white and yellow com. Measurements of activity have 
been made, as well as observations on the effects produced on appetite and water 
intake, body weight, vaginal smear cycles, and general health. 

Methods. Eight female rats were placed in separate activity cages at an 
average age of 45 days ; for the first 15 days they were given free access to our 
stock diet and tap water. At 60 days of age and an average body weight of 135 
grams, these rats were placed on an exclusive diet of either freshly ground yellow 
or white corn 2 and tap water. Eighty-five days later the}' were given access also 
to cod liver oil. Another 40 days later, that is at an average age of 185 days, 
they were killed and autopsied. 

1 Can-ied out under grants from the Corn Industries Research Foundation, New York 
City and the Committee for Research in Endocrinology of the National Research Council, 
Washington, D. C. 

2 The yellow hybrid corn g-94 and the white hybrid corn g-527W were kindly furnished 
by Funk Brothers Seed Company. 
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The cages were composed of two parts: a living compartment 11 x 3-1 x 5 inches 
and a revolving drum 121 inches in diameter and 6 inches wade, separated by a 
metal partition with an opening 3 inches in diameter. The living compartment, 
which contained a food cup with a shield built to eliminate all spillage, and a 
100 cc. graduated inverted water bottle, was made as small as possible in order 
to force the rat to expend most of its energy in the drum, where it could be 
measured by means of a cv’clometer. The cod liver oil was later offered in an 
added 30 cc. graduated bottle. 

For the reason that coprophagy may play a particularly important part in 
single food choice experiments, special precautions were taken to prevent easy 
access to the feces. In the living compartment, a -3- inch wire mesh bottom per- 
mitted the feces to drop through freely to a sawdust pan several inches below 
and beyond the reach of the rat. In the revolving drum, which was made of \ 
inch wire mesh, a space of 5- inch between the dram and the central partition 
permitted the feces to drop through freely to the pan, well beyond the rat’s 
reach. The results of previous experiments have shown that this method limits 
coprophagy sufficiently to give quantitatively reproducible results (1). 

Records were made daily of running activity, food and water intake, and 
vaginal smears, and weekly of body weight. The rats were carefully examined 
at weekly intervals for specific signs of nutritional deficiency. 

Results. Yellow com. Figure 1A gives the record of one of the 4 rats on 
yellow com. The abscissae show age in days, the ordinates running activity 
in revolutions of the drum, food intake and body weight in grams. This rat was 
placed in the activity cage on our stock diet at an age of 44 days, changed to the 
yellow com diet at 62 days, and given access to cod liver oil at 146 days of age. 
During the last 5 days on the stock diet the daily running activity reached an 
average level near 24,000 revolutions and food intake a level near 16 grams. On 
the yellow com diet activity remained on essentially the same level for 20 days, 
then decreased, first to a level near 8,000 revolutions per day, and finally, between 
the 136-146th day period, to a level around 1,000 revolutions per day. For 
the first 10 days the intake of com approximately equalled the previous intake 
of stock diet. Thereafter, up to the 146th day, the intake decreased at a slow 
but steady rate, finally reaching a level near 7 grams per day. Body weight 
increased slightly during the 80 days on the corn diet. Vaginal smears (comified 
cells shown at the top of the chart) showed regular 4 to 5 day cycles for the 15 
days on the stock diet and for the first 20 days on the corn diet. Thereafter the 
cycles became irregular for 20 days and then disappeared altogether, leaving 
only a diestrous picture of leucocytes and nucleated epithelial cells. Otherwise 
the rat did not show signs of any specific nutritional deficiency at this time. 
Cod liver oil offered on the 146th day was taken in moderate amounts for the 
first day, then only in minimal amounts. The cod liver oil ingestion had 
immediate and profound effects on activity, com intake, body weight and 
vaginal smears. Within 18 days the average daily activity had increased from 
a level around 1,000 revolutions to 22,000 revolutions (13.5 miles), approximately 
the same as that on the stock diet; the average daily com intake increased from 
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7 to 14 grains, and the body weight from 140 to 174 grams; within 4 days the 
vaginal smears again showed regular 4 day cycles of cornification, coinciding 
with the peaks of running activity. 

Table 1A summarizes the results of the observations made on the 4 rats on 
yellow corn. The average daily activity decreased from 19,969 revolutions 
for the first 10 days on the corn diet to 2,139 revolutions for the 70-80th day 
period, and increased again to 15,803 for the 30-40th day period on cod liver oil. 
All 4 rats became more active within 3 or 4 days after the addition of the cod 
liver oil. The average daily corn intake decreased from 15.4 grams for the first 
10 days to 7.5 grams for the 70-80th day period, and increased again to 11.3 
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Fig. 1 

grams for the 30-40th day period on cod liver oil. All four rats showed a de- 
tectable increase in food intake after the second day on cod liver oil. Bod}' 
weight increased from an average of 132 grams at the start of the corn diet to 
143 grams on the day cod liver oil was started. (During the same interval con- 
trol rats on the stock diet increased to 189 grams.) At the end of the 40 day 
period on cod liver oil the average body weight had increased to 168 grams. 

Figure 2 summarizes the effects produced on vaginal smears, showing only the 
cornified cells. All 4 rats on yellow com showed quite regular 4 to 5 day cycles 
for the 15 days on the stock diet and for the first 20 days on com. From then 
on, until the cod liver Oil was offered, the cornified cells gradually disappeai'ed 
from the smears, leaving only leucocytes and epithelial cells. Within 4 days of 
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the addition of cod liver oil, 3 rats showed their first day of eomified smears, the 
fourth showed it 4 days later. Thereafter during the 40 day period all 4 rate, 
with the exception of one rat which missed 2 cycles, showed 9 regular 4 day 
cycles. It is also noteworthy that the' peaks of running activity coincided as 
they do in normal animals with the days of comification. 

Just prior to the addition of the cod liver oil 3 of these animals were reported 
in excellent condition and the fourth was in good shape except for slight rusting 
of the back of the head and neck. When they were killed, 40 days later, their 
appearance differed little from that of normal controls. Body weight averaged 
only 21 grams less, eyes were large and clear, teeth were normal, paws and tails 
were clean; however, the hair was yellow and matted over the hind quarters of 
all 4 animals. At autopsy there were no gross deviations from the normal, 
except a complete absence of thymus tissue, whereas this gland weighed an 
average of 176 mgm. in normal controls. As seen in table 2A, the weights of 
the other endocrine glands all fell within normal limits, with the exception of an 
unexplained increase in size of the ovaries, which averaged 42 and 40 mgm. for 


1 

2 

3 

4 

5 

6 
7 

e 


i i i i i i i l i . 
i ■ i i i ii i ■ 


VAGINAL SMEARS - CORNIHED CELLS 
YELLOW CORN 

■ . I. Ml 


WHITE CORN 


« « * t HIM I ■ Ml 

i i i ill i i i a 
i a i ii j i i a • 




AGE IN DAYS 


I ■ I I I I I I I I 

l I I I I I I I I 

I III II 
I I I I I I I I I 


44 54 » 64 74 B4 

STOCK DIET— 4— CORN DIET 


94 104 114 


124 134 144 154 164 174 

| COP LIVER OIL 


184 194 


Fig. 


the left and right glands respectively, as compared with 36 and 32 mgm. in the 
controls. 

White corn. Figure IB gives the record of one of the 4 rats on the single food 
choice of white com. For the first 100 days of the experiment, that is, until the 
cod liver oil was added, the activity, food intake, and body weight records are 
essentially the same as those of the rat on yellow com shown in figure 1A. The 
va gin al smears, however, differed markedly. In contrast to the constant 
diestrous smears of the rat on yellow com, the smears of this rat showed cornified 
cells and no leucocytes or epithelial cells for the last 35 days before cod liver oil 
was added. Also in contrast with the yellow com-fed rats, the cod liver oil, 
which was taken in minimal amounts, had no effect on activity, only a temporary 
if any effect on food intake, and body weight showed only a very small increase. 
A most striking effect was produced, however, on the vaginal smears. Within 
24 hours all eomified cells disappeared, leaving only epithelial cells and Ieuco- 
cjdes, but still giving no evidence of cyclic changes. 

Table IB summarizes the results of the observations made on the 4 rats on 
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white com. 3 On the com diet the average daily activity of the 4 rats decreased 
from 16,203 revolutions for the first 10 days to 2,116 for the 70-80th day period. 
On the cod liver oil one of the surviving 3 rats became slightly more active again, 
while the other two became progressive!}' more inactive. The average daily 
intake of white com decreased from 14.8 to 5.5 grams. On the cod liver oil 2 
rats showed an increased, one a decreased food intake. The average body weight 
decreased from 138 grams on the first da} r of the com diet to 126 grams on the 
83rd day. On the cod liver oil one rat showed a marked increase in weight and 
one a moderate increase, while one maintained its weight. Figure 2 shows that 
the comified cells disappeared from the vaginal smears on the day after cod 
liver oil was made available. Thereafter only one animal showed any cornified 
cells, then only on 2 days. Thus, the records of the yellow corn-fed rats before 
the addition of cod liver oil were very similar to those of the white com-fed group 
after the oil was added. 

Before the cod liver oil was added, 3 of the 4 animals showed deficiency symp- 
toms of eyes, teeth or hair, and when they were killed 40 days later they were 
very clearly distinguishable from the normal controls and from the yellow com- 
fed rats, mainly by their smaller size, but also by a marked yellowing and 
roughening of the coat, by their spectacle eyes, and by the fact that all except 
one had poor teeth: in 2 cases both upper incisors were broken off and the lowers 
were abnormally long. Autopsy revealed no gross abnormalities except the 
complete absence of thymus tissue noted also in the yellow com-fed group, but 
all endocrine glands were found to be markedly smaller than those of normal 
controls. In particular, whereas the thyroids, adrenals, and ovaries were de- 
creased approximately in proportion to the lower body weight, the uteri were 
found to be relatively far smaller, weighing approximately 20 per cent as much 
as those of the controls. 

Discussion. Com is a cereal grain of such great agricultural importance that 
it is only natural that it should have been thoroughly studied from a nutritional 
standpoint. It has long been known that zein, the principal corn protein, is 
deficient in the amino acids, tryptophane, tyrosine and lysine (4, 5). In addi- 
tion, corn is known to be a poor source of calcium (6). In 1919 Steenbock com- 
pared the nutritive value of various species of corn, and pointed out the higher 
vitamin A content of the yellow varieties (7). The vitamin B complex, on the 
other hand, is apparently present in adequate amounts for normal growth in 
both yellow and white varieties (8). Since pellagra is so very common in regions 
where com constitutes a large proportion of the diet, and since a deficiency of 
nicotinic acid is known to play a major role in the production of this disease 
syndrome, it is not astonishing to find that com is a poor source of this vitamin 
(9). Steenbock and Coward also pointed out that the vitamin D content of corn 
is low (10). Apparently, like other cereal grains, it is relatively rich in vitamin 
E (11). 

However, when rats were kept on an exclusive diet of either white or yellow 
corn from 60 to 145 days of age, none of these deficiencies became sufficiently 

3 One of the rats died after 76 days on the diet. 
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TABLE 1 


AVERAGE DAILY RUNNING ACTIVTY 
IN REVOLUTIONS OF DRUM 

' 

AVERAGE DAILY CORN INTAKE 

IN CRAMS 

BODY-WEIGHT IN GRAMS 

First 10 
days on 
corn diet 

70-S0th 
days on 
corn diet 

30-40tli 
days on 
cod liver 
oil 

First 10 
days on 
corn diet 

70-£0th 
days on 
corn diet 

30-40th 
days on 
cod liver 
oil 

At start 
of corn 
diet 

At end of 
80 days on 
corn diet 

At end of 
40 days 
on cod 
liver oil 


A. Yellow corn 


1 

23,162 

1,024 

22,201 

16.2 

7.7 

14.0 

134 

140 | 

174 

2 

14,255 

1,241 

17,872 

13.7 

7.3 | 

10.0 

124 i 

146 

157 

3 

22,560 

4,401 ! 

14,816 

14.9 

8.2 

9.5 

122 

142 

162 

4 

19, SOS 

1,889 

8,324 

16.6 

6.9 

11.7 

147 

145 

178 

Average. . . 

19,969 



15.4 

7.5 

i 

11.3 

132 

143 

168 


B. White corn 


5 

12,369 

1,287 

3 SO 

15.4 

5.9 

7.3 

m 

150 

151 

6* 

23,734 

2,371 

■ 

15.7 

4.7 


■S' 

114 


7 

16,069 

1,969 


13.5 

5.S 

10.1 

132 

116 

174 

S 

12,640 

2,837 


14.4 

5.5 

5.0 

133 

124 

144 

Average . . 

16,203 

2,116 

2,4S7 

14. S 

5.5 

7.5 

138 

126 

156 


* Animal died after 76 days on white corn diet. 


TABLE 2 
Autopsy findings 
Endocrine weights in milligrams 


RAT NO. 

BODY 

WEIGHT 

ADRENAL 

LEFT- 

RIGHT 

UTERUS 

OVARIES 

LETT- 

RIGHT 

THYROID 

THYMUS 

{ 

TEETH 




A. 

Yellow 

corn 




grams 




■ 



1 

174 

35-30 

411 

4S-49 

1 

Absent 

Good condition 

2 

157 

34-28 

348 

35-32 

■9 

Absent 

Good condition 

3 

162 

24-26 

231 

38-37 

14 

Absent 

Good condition 

4 

178 

25-15 

421 

45-42 

14 

Absent 

Good condition 

Average 




42-40 

14 






B. 

White corn 



5 

m 

25-23 

131 

28-38 

H 

Absent 

Upper teeth broken off 

7* 


20-24 

182 

30-34 

19 

Absent 

Poor condition 

$ 

n 

13-14 

92 

15-11 

H 

Absent 

Poor condition 

Average 

156 



24-28 

14 



C. Regular food 

Controls 150 days . 

189 

26-26 

49S 

36-32 

17.4 

176 

Good condition 


* Animal 6 died after 76 days on the white corn diet and no autopsy was obtained. 
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marked to be obvious unless records were kept of the activity and vaginal smears. 
Thus, in both groups, the weight was essentially maintained though there was 
little or no growth; there were no evidences of dermatitis and no gross skeletal 
changes. Only during the last quarter of the period did the white corn-fed rats 
begin to show the spectacle eyes and roughening of the fur characteristic of an 
early vitamin A deficiency, as well as poor occlusion of the incisors. On the 
other hand, during the first 25 days of the diet both groups of animals showed a 
loss of spontaneous activity of nearly 70 per cent, and the vaginal smear cycles 
were lost: the white corn-fed rats showed persistent cornification, while the yellow 
com-fed animals went into a state of constant diestrous. 

But the striking difference between the two groups was onty brought out when 
cod liver oil was made available. Whereas this addition had little or no obvious 
effect on the food intake, body weight, and activity of the white corn-fed rats, 
it produced in them an almost immediate change in the vaginal mucosa from a 
state of constant cornification to one of constant diestrous. In contrast, the 
3 , 'ellow com-fed rats showed a marked general improvement almost immediate!} 1- 
following the ingestion of the cod liver oil: first the food intake and body weight 
began to increase, then normal 4 day estrous cycles reappeared, and later 
(approximately 7 days after the oil was added) the activity increased abruptly. 

It is not clear at this time what factors in the cod liver oil are responsible for 
the various changes: both vitamins A and D must be taken into consideration, 
as well as the various fatty acids, sterols, and other, perhaps unknown, con- 
stituents. The fact that the yellow com-fed rats returned to normal cycles of 
vaginal cornification, and gained weight, and became more active when cod liver 
oil was added to their diet, raises the question whether all three changes were 
brought about by the same factor or whether there -were a number of substances 
involved. The data so far available are not sufficient to answer this question. 

On the assumption that for the purposes of relatively short term experiments, 
yellow com is lacking primarily in one substance, one can postulate further con- 
cerning the deficiencies of white corn. In the first place, there is almost cer- 
tainly a deficiency of vitamin A, which is corrected by the fish oil supplement. 
In the second place, it seems likely that the white com is deficient also in the 
same substance lacking in yellow com and supplied by cod liver oil, whether this 
is vitamin D or some other factor. Further, since the addition of cod liver oil 
to the diet of the white corn-fed rats still leaves them in a state of obvious 
nutritional deficiency, as indicated by the limited appetite and growth, inac- 
tivity, diestrous smears and general appearance, there would seem to be lacking 
in the white corn some factor present in yellow corn and not supplied by cod 
liver oil. 


SUMMARY 

I. Female rats on an exclusive yellow corn diet for a period of 85 days showed 
a gradual loss of appetite, a scarce maintenance of starting bod}' weights, a great 
loss of activity, and development of a diestrous condition of the vaginal mucosa. 
They did not, however, show any other signs of specific nutritional deficiency 
in this time. 
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2. Female rats on an exclusive white corn diet for a period of 85 days showed 
a similar picture, with the exception that after 45 days the cells of the vaginal 
smears became constantly cornified, and after about 76 days the upper teeth 
became worn and the lower teeth overgrown. They also showed deficiency 
symptoms of the eyes and hair. 

3. Cod liver oil offered the rats on the yellow corn diet was taken in moderate 
amounts for the first day and then in minimal amounts, resulting in an almost 
immediate increase in appetite, body weight and activity. Regular 4 day C 3 r cles 
also reappeared in the vaginal smears within 4 days. Within 20 days the rats 
had practically reached their original high running levels. 

4. Cod liver oil offered the rats on the white corn diet was taken in minimal 
amounts, producing almost no effect on activity, a small effect on appetite, and 
only a slight inci’ease in body weight. Within a day, however, the vaginal 
smears were changed from a condition of constant cornification to one of constant 
diestrous. 

5. In white corn there is almost certainty a deficiency of vitamin A, as well 
as of the factor lacking in yellow corn, both of which are corrected b 3 r the cod 
liver oil supplement. Moreover, there is evidence to indicate that 3 r ellow corn 
contains some factor lacking in white com and not present in cod liver oil. 
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The value of the clearance method in the study of renal physiology is now 
cl earl}' recognized. The validity of the inulin clearance (Cj) as a measure of 
glomerular filtration and of the diodrast clearance (Cd) as a close approximation 
to the plasma flow to the active secretory and excretory portions of the normal 
kidney (effective plasma flow) has been established for several species, chiefly 
the dog and man. The uninephrectomized dog with the remaining kidney ex- 
planted is a particularly satisfactory subject for studies of clearance and renal 
blood flow (RBF) or plasma flow (RPF) since the latter may be calculated 
directly from the clearance and arterio-venous difference of any test substance. 
This procedure has been used in the study of the relation between C D and RBF 
in the normal dog kidney (White, 1940a; Corcoran et ah, 1941) and in the 
damaged kidney (White, 1940b; White et ah, 1941). 

In a previous paper (Hayman et ah, 1939), the effect of uranium on the dog 
kidney was discussed and data were presented to show that the decrease in Cj and 
creatinine clearance (Cc) was not due to a decrease in RBF. The low clearances 
and extractions seemed most satisfactorily explained, considering the histo- 
logical as well as the analytical data, on the basis of back diffusion of inulin (I) 
and creatinine (C) in the damaged tubules. The greater decrease in C c than 
in Ci was presumed to be the result of the greater back diffusion of the smaller 
C molecule. During the course of a study of the relation between C D and RBF 
in the dog kidney damaged by a variety of means, uranium poisoning has been 
reinvestigated and the method has been extended to include the use of diodrast 
(D) as a test substance. 

Methods. Trained dogs were used, maintained on the usual kennel rations 
including meat. One kidney was explanted to make the renal vein accessible for 
venipuncture. Following recovery from this operation, the other kidney was 
removed. Experimental studies were begun no sooner than three months fol- 
lowing the second operation. 

Two control experiments were performed on each dog before it was given a sub- 
cutaneous injection of 2 mgm. of uranium acetate per kilo of body weight. 
Following the administration of uranium, the experiments were repeated at the 
height of the effect (about five days) and at varying intervals thereafter until 

1 Supported by a grant from the Commonwealth Fund. 

2 Commonwealth Fellow in Medicine. 
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substantial recovery had occurred. One dog, no. 4, was sacrificed after the five- 
day period for histological examination of the kidney. 

Clearance and extraction data were obtained as follows. An intravenous in- 
fusion of normal saline solution was started and maintained throughout the ex- 
periment at a rate of about 2 cc. per minute to insure adequate urine flow. C, I 
and D in saline solution were injected subcutaneously in two sites in a total 
volume of 30-50 cc. For control experiments, 0.1 gram of C, 0.2 gram of I, and 
0.175 gram of D (0.5 cc. of 35 per cent solution) per kilo of body weight were 
used. Following kidney damage, these quantities were reduced one-half. 

Fifteen minutes following the injection, the bladder was emptied and washed 
with normal saline solution through an in-dwelling catheter. Three 20-minute 
urine collections were made, the bladder being washed with two 10 cc. portions of 
saline solution at the end of each period. Blood samples were taken from the 
jugular vein (“arterial”) and renal vein (“venous”) as near to the mid-points of 
the urine collection periods as possible. These periods were used for D clearances 
only. The plasma D level during this 60-minute interval remained very nearly 
constant at a level of about 5 mgm. per 100 cc. or less. D was determined in 
arterial and venous whole blood, arterial plasma and urine, giving data for the 
calculation of both whole blood and plasma Cd, whole blood extraction and RBF. 

Following these three periods, 1. 5-2.0 cc. of 35 per cent D solution per kilo of 
body weight were injected intravenous^. Beginning 15 minutes later, four 
additional clearance periods were obtained as above. Arterial plasma was an- 
alyzed for D, I and C, venous plasma for I and C, urine for D, I, C and urea (U). 
The pooled remainders of arterial plasma were utilized for albumin and U de- 
terminations. The D, I, C and U plasma clearances, RPF (using both I and C 
extractions) and Tm were then calculated from the data. Other calculations 
are explained in the discussion. Hematocrit readings were obtained on a suffi- 
cient number of blood samples to make possible the interconversion of RPF 
and RBF. 

During this 80-minute interval, the plasma I level remained very neatly con- 
stant at 5-10 mgm. per 100 cc. The plasma C level fell slowly, the D level more 
rapidly but the rate of fall in both cases was so nearly linear that no significant 
error was introduced by assuming the interpolated plasma concentration at the 
mid-point of the urine collection period to be equal to the mean concentration 
throughout the period. 

Diodrast was determined in both plasma and whole blood by the method of 
Alpert (1941) with the application to the whole blood filtrate analyses of a cor- 
rection factor based on the hematocrit reading (Bobey and Price, 1942). Inulin 
was determined by the method of Alving, Rubin and Miller (1939), using the 
Cenco-Sheard spectrophotelometer for the color readings. Creatinine was de- 
termined in Folin-Wu filtrates as the alkaline picrate, by a standard method 
slightly modified for use with the Spectrophotelometer. Plasma urea was 
determined by the method of Van Slyke and Kugel (1933), urine urea by Fan 
Slyke’s urease method (1937). Albumin was calculated as N X 6.25 after Kjel- 
dahl analysis of the globulin-free filtrate obtained with 22 per cent sodium sul- 
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Diodrast clearances were not done in the first two experiments or at low plasma levels in the third experiment with dog 1. 
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phate. Free diodrast (not bound to albumin) was determined from a nomogram 
constructed from the data of Smith and Smith (1938). 

Results. The determined clearances and blood flows and calculations based 
on these data are summarized in table 1. Each control represents the average of 
6-8 clearance periods in two experiments; the data following uranium poisoning 
are averages of 3-4 clearance periods in single experiments. 

The plasma flow (column 11) is the average obtained from creatinine and 
inulin plasma clearances and extractions and from whole blood diodrast data and 
hematocrit values except in a few instances where one method gave a value in- 
consistent with the other two. 

Column 13 shows the extent to which C D approximates the independently 
measured plasma flow. This value falls from an average of SI per cent in the 
control periods to 7 per cent following uranium. 

Despite the fact that Ci is probably no longer an accurate measure of glomer- 
ular filtration because of back diffusion of inulin in the damaged tubules, it may 
nevertheless be used as a minimum measure of this function. On this basis the 
“tubular D plasma clearance” as defined by White (1940b) may be calculated 
and the ratio of this value to RPF taken as the “tubular extraction”, a measure 
of the fraction of RPF cleared of D by tubular activity. Tubular D clearance 
(column 15), following uranium administration, falls to practically zero in one 
case and to a negative value in the other two, evidence of complete suppression of 
tubular D secretion. The tubular extraction (column 16) falls from an average 
of 0.58 to a negative value. The effect of uranium on the maximum rate of 
tubular excretion of D (Tin) is shown- in column 14. 

In charts 1 and 2 the output of diodrast per minute and the plasma diodrast 
clearance respectively are plotted against the plasma diodrast level using the 
data obtained in the individual clearance periods both before and five days after 
uranium poisoning. 

Discussion. The changes in Ci and C D following uranium poisoning are 
consistent with those previously reported (Hayman et al., 1939). Both are re- 
duced, the latter to a greater extent. The urea clearance is also reduced and ap- 
proximately parallels Ci- The diodrast clearance, however, is reduced to a 
much greater extent in all cases falling below Cx (columns 3-7). 

Coincident until the reduction in clearances is a parallel reduction in extrac- 
tions (columns 8-10) so that, in the acute stage of uranium poisoning, there is no 
significant change in RPF (column 11). In two of the animals there was a 
subsequent slight, possibly permanent, lowering of RPF. 

The principal effect of uranium poisoning observed histologically is tubular 
damage. 3 In the absence of evidence of marked glomerular change, it seems 
reasonable to explain the reduction in Cx and C c on the basis of extensive tubular 
back diffusion of these substances. The behavior of C D further strengthens this 

3 Dog 4 was sacrificed six days after poisoning and kidney sections were examined histo- 
logically by Dr. H. Goldblatt. The findings were similar to those described by MacNider 
(1924) and summarized briefly by Hayman et al. (1939), namely, marked tubular necrosis 
with very slight glomerular involvement. 
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hypothesis. The tubular component of D extraction is eliminated in the acute 
state of poisoning when the most marked tubular damage is apparent. Diodrast 
clearance is reduced to the level of Q and C c and D is thus being removed from 
the blood bjr the same mechanism as are I and C. Actually C D , like Cc, is lower 
than Ci presumably indicating that not only has D secretion been abolished but 
also that back diffusion of a portion of the glomerular output has occurred. 
Since both C and D (by comparison with I) apparently diffuse back into the 
circulation across the damaged tubular membrane, it is quite possible that the 
reduction of Cj as well as of Cc and may be largely due to this process rather 
than to glomerular damage. 

The reduction of tubular D plasma clearance and tubular D extraction to zero 
or negative values is a more striking presentation of the fact that tubular secre- 
tion of D is absent and may even be replaced to some extent by back diffusion of 
D. The fact that Tm, a measure of the rate of tubular excretory function inde- 
pendent of glomerular activit}', falls to a negative value after poisoning can only 
be interpreted as additional evidence of complete replacement of tubular secre- 
tion by some tubular back diffusion. 

The use of Cd as a measure of effective RPF is dependent on the ability of the 
tubule cells to remove essentially all of the D presented to them by the blood. 
The complete loss of this function resulting from uranium poisoning invalidates 
the use of C D as an index of RPF and leads to impossibly high values for the 
filtration fraction (Cj/Cc). This suggests that any observed high value of the 
filtration fraction should be interpreted with the possibility in mind that it may 
be indicative of tubular dysfunction and may not necessarily be due to constric- 
tion of the efferent glomerular arterioles. 



Chart 1 Chart 2 

Chart 1. The relation of diodrast iodine output to plasma level before and after uranium 
poisoning. 

Chart 2. The relation of plasma diodrast clearance to plasma diodrast iodine level before 
and after uranium poisoning. 

In the control curve of chart 1 the output of D increases rapidly with increasing 
plasma level until at about 15 mgm./lOO cc., the tubular capacity for D excretion 
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is saturated. Beyond tins level the output increases linearly with plasma level 
and reflects only an increase in the amount filtered by the glomeruli. After 
uranium, the output is a linear function of plasma level with no initial rapid rise 
at low levels since only glomerular activity is involved. The slope of this line is 
less than the slope of the straight line portion of the control curve due to the ap- 
parent lowering of the level of glomerular filtration resulting from back diffusion 
in the damaged tubules. 

As shown in chart 2, C D in the normal kidney steadier decreases as the plasma 
D level is raised and the tubular mechanism for excretion becomes saturated, but 
following uranium poisoning tubular secretion of D is abolished and this rela- 
tionship does not appear. Diodrast clearance following poisoning is low* even at 
low plasma levels due to back diffusion of D from the glomerular filtrate but it is 
not further depressed as plasma levels are raised which is in sharp contrast to the 
control data. 

As recovery from poisoning takes place, all clearances return toward normal 
values. The rate of improvement in the early stages is greatest in the case of 
C D - Improvement in kidney function, as shown by the increase in C x and Cc 
as w r ell as by the return of concentrating ability and the disappearance of album- 
inuria and glycosuria which is observed in these dogs, coincides with recoveiy 
from tubular damage as indicated by the return of C D toward normal levels. 

CONCLUSIONS 

1. The injury to the dog kidney produced by uranium causes a decrease in all 
clearances but negligible changes in the renal plasma flow. Diodrast plasma 
clearance is reduced to the level of inulin clearance or lower. 

2. The reduction of diodrast plasma clearance to the level of apparent glomer- 
ular filtration is the result of the complete loss of the ability of the tubules to 
secrete diodrast. 

3. The reduction in glomerular filtration is probably due in large part to back 
diffusion in the damaged tubules rather than to glomerular damage per se. 

4. The use of diodrast plasma clearance as a measure of renal plasma flow and 
of inulin clearance as a measure of glomerular filtration is not justified in the 
uranium damaged kidney. 
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Henderson’s concept of the existence of a venopressor mechanism postulates 
that venous pressure and venous flow are dependent on muscle tonus. When 
muscle tonus fails, venous pressure and venous flow must fail; thus, in shock, the 
tonus of the muscles lessens and collapse of the peripheral circulation ensues. 
Shock according to Henderson’s concept is “hypotonia” (1). 

In 1936 Henderson (2) devised an instument for the measurement of intra- 
muscular pressure. A modification of it as proposed in 1936 by Kerr and Scott 
(3) was accepted by Henderson (1). Small quantities of 0.8 per cent saline were 
injected into the muscle mass under measurable increments of pressure. The 
muscle accepts such injections at reproducible pressures which in the normal 
human adult varies from 60-90 mm. H 2 0. The increment of pressure, resulting 
from the ability of the muscle to accept injections of saline at reproducible levels, 
Henderson termed intramuscular pressure (2). A considerable literature has 
demonstrated the validity of the measurement of intratissue pressure by forcing 
minute amounts of saline into the tissue (3, 4, 5). These pressures vaiy signif- 
icantly with the physiologic and pathologic states of the muscular and circula- 
tory systems. Henderson has shown that intramuscular pressure falls to low 
levels after anesthesia and surgical procedures (6) and should be low in shock 
(1) . We have verified and extended his observations in postoperative depression 
and in shock-like states associated with hemorrhage, surgical procedures under 
anesthesia, and in acute infections (7, 8, 9). 

In Henderson’s concept, intramuscular pressure is a measurement of muscle 
tonus, and muscle tonus is measurable during life as intramuscular pressure. 
Henderson used the term tonus according to the definition of Johannes Muller 
(19); as a slight contractile tension characteristic of normal skeletal muscle when at 
rest. This, Muller attributed to the influence continually exerted upon the 
muscle by the nerve centers in the brain. Such rhythmic activity of discrete 
muscle bundles within the muscle mass should be demonstrable by the detection 
of electrical action currents. Dr. L. F. Nims in the neuro-anatomy laboratory 
at Yale University, using a cathode ray oscillograph, demonstrated the pres- 
ence of rhythmic action currents in the resting biceps brachii muscle of the human 
being. Thus Muller’s contractile tension in the muscle at rest is demonstrated 
to be related to activity of discrete muscle bundles within the muscle mass. As 
Henderson and others have shoAvn (1, 2,. 3, 4, 5, 6, 7, 8, 9, 10, 11, 14, 15) this 

1 Aided by a grant from the Ciba Pharmaceutical Prod. Inc., Summit, N. J. 
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tension is measurable at reproducible increments by the injection of minute 
amounts of saline into the muscle, as intramuscular pressure. It increases as 
the muscle performs a definite amount of work, and decreases to a definite resting 
level as the muscle mass relaxes (11). The measurement of intratissue pressure 
in the muscle during life is a measurement of muscle tonus. 

Krogh (13) showed that individual muscle fiber groups are under different 
states of contraction and relaxation. The amount of blood filling the capillary 
and venule bed is related to the degree of activity of the muscle, and to the 
number of muscle bundles at any one moment that are in contraction (1, 11, 13). 
During maximum contraction the capillary and venule bed of the muscle is 
gorged with blood. Such increasing degrees of muscle activity should show sum- 
mation of the electrical action currents, that have been demonstrated in the mus- 
cle at rest. This phenomenon, too, Henderson demonstrated in his laboratory. 
He showed that increasing amounts of summation of electrical activity occurred 
with, increasing degrees of work, performed by the biceps brachii in human 
beings. The increasing degrees of summation of the action currents with work 
is correlated with increasing levels of intramuscular pressure. Decreasing ac- 
tivity as the muscle relaxes is similarly paralleled by a decrease in the increments 
of intratissue pressure to the resting level (11). 

Krogh’s morphologic description of the increasing and decreasing vascularity 
within a muscle, related to the degree of activity, and the number of muscle bun- 
dles contracting within the muscle mass, is in reality the description of a micro- 
scopic venous pump (1, 11). 

The evidence at hand now lends strong support for Henderson’s postulate of 
the existence of a venous pump in the circulation of the human being. This 
pump is the mass of skeletal muscle, including the diaphragm. The energy for 
the pump is derived from the isometric tonic activity of the discrete muscle 
bundles when the muscle is at rest, and by active contraction of muscles, in the 
performance of work. 

The energy of tonic muscle activity as well as that of the contracting muscle 
is transferred to the venous column and is reflected in the volume of venous flow 
to the heart, and in the effective level of venous pressure. 

When muscle tonus, i.e., intramuscular pressure, fails, the effective venous 
pressure and venous flow necessary to maintain ventricular filling decline, car- 
diac output (volume of flow) decreases, and failure of the peripheral circulation 
ensues. This is the venopressor mechanism. 

We too have found that the muscle accepts injections of saline at reproducible 
increments which range hi the normal human between 60 and 90 mm. H 2 0 (7 , 
14) and vary significantly in shock and in shock-like states (7,8,9). It is evident 
from our studies that the energy of the tonic tension of muscle fibers, measured 
in the muscle mass as intramuscular pressure, can be transferred to the venous 
bed and be manifested as venous flow and alterations in venous pressure (7, 8, 9, 
14, 15). Contrariwise can the pressures within the venules which so richly sur- 
round muscle fibers be imparted to the mass of muscle as increments of intra- 
tissue pressure? Is the resistance of the muscle mass to the injection of fluid, 
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viz., intramuscular pressure, a result of the pressure wit hin the venous bed 
measured as venous pressure? 

Methods for the measurement of intramuscular and venous pres- 
sure. Over one thousand measurements of intramuscular pressure have been 
made in our various studies (7, 8, 9, 14, 15). Henderson’s method (6) was used 
in about half of our observations, and the instrument devised by Gunther and 
Henstell (15) for the simultaneous and repeated determination of intramuscular 
and venous pressure in the remainder. Venous pressure was measured by the 
direct method when Henderson’s instrument was used. The level of the auricle 
was taken at 5 cm. below the level of the chest in recumbency in both methods. 

Methods of study. The tourniquet experiment described by Wells et al. 
(4) was employed, using the biceps brachii muscle. Venous pressure was meas- 
ured in the ante-cubital vein. Simultaneous measurements of intramuscular 
and venous pressure were made at different increments of venous pressure up to 
58 cm. H 2 0. 

Bedside observations were made on patients suffering from congestive (right 
heart) failure wherein venous pressures up to 30 cm. H 2 0 were encountered. 
Measurements were taken simultaneously in the ante-cubital vein and in the 
biceps brachii muscle. 

Bedside studies were conducted in three patients suffering from syphilis with 
tabes dorsalis. Simultaneous measurements were made in the antecubital vein 
and in the biceps brachii muscle in the upper extremity and in the long saphenous 
vein and the gastrocnemius muscle of the lower extremity. The tourniquet 
experiment was repeated in the arm and in the leg at different increments of 
venous pressure. 

Studies were made in the operating room during the course of anesthesia and 
surgical procedures in which the Trendelenburg position ivas used during surgery. 
Intramuscular pressure Avas measured in the biceps brachii and venous pressure 
in the antecubital vein. The level of the auricles ivas taken at chest level during 
the Trendelenburg position. 

Observations Avere made in human beings and in the frog (Rana pipiens) Avith 
the needle in situ, immediately before and after death. In human beings the 
biceps brachii and antecubital A r eins Avere used ; in the frog, intramuscular pres- 
sure AA r as measured in the gastrocnemius and the adductor magnus muscles of 
the thigh. 

These pressures Avere studied in the frog before and immediately after clamping 
the branches of the truncus arteriosus at the base of the heart, and of the dorsal 
aorta caudal to the iliac arteries, to determine the effect of the loss of venous 
pressure on intramuscular pressure. 

Results of experiments. The effect of artificially induced high increments 
of venous pressure on intramuscular pressure Avas studied in 4 tourniquet experi- 
ments. The A r enous pressures induced up to 58 cm. H 2 0 maintained for 38 
minutes shoAved no significant effect on intramuscular pressure of the corre- 
sponding biceps brachii muscle (fig. 1 a and 1 b). One tourniquet experiment 
was made in the arm and the leg of a patient Avith tabes dorsalis. He had low 
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initial values for both the venous and intramuscular pressure. Venous pressure 
was 3.G cm. II 2 0 in the antecubital vein and 4.0 cm. in the biceps brachii, and 40 
mm. HjO in the gastrocneumius muscle. Increasing the levels of venous pres- 
sure to 3G cm. II 2 0 in the antecubital vein and 19 cm. H 2 0 in the long saphenous 
vein did not, alter the intramuscular pressure in either the biceps or the gastroc- 
nemius (fig. 2). 

Four patients suffering from congestive heart failure were studied. They 
showed venous pressures from 18 to 30 cm. H 2 0. The intramuscular pressure 



Fig. la Fig. lb Fig. 2 Fig. 3 

Fig. la, lb. Showing the effect of high levels of venous pressure on intramuscular pres- 
sure in the biceps brachii in the human. 

Fig. 2. Showing the effect of high levels of venous pressure on the intramuscular pressure 
in the biceps brachii and the gastrocnemius muscles in the human, suffering from syphilis 
with .tabes dorsalis. 

The initial values for intramuscular and venous pressures are below the normal range. 
The patieiit did not show signs of peripheral circulatory inadequacy. 

Fig. 3. Showing the effect of high levels of venous pressure, induced by gravity, in the 
Trendelenburg position, during the course of operation under anesthesia. 

The high increments of venous pressure did not affect the preoperative level of intramus- 
cular pressure. The usual drop in intramuscular pressure occurred after 40 minutes of 
surgery despite the maintained high venous pressure. This drop preceded the fall in venous 
pressure which occurred later. The entire course of events is identical to those which occur 
in other patients during anesthesia and operation, in normal recumbency and in whom 
venous pressures were normal at the outset and during the initial period of operation. 

;! < .. ■ 

values were well within the normal range of 60-90 mm. II 2 0 observed in persons 
without congestive heart failure (table 1). 

Two patients undergoing pelvic operations in the Trendelenburg position were 
observed throughout the course of surgery. When placed in this position, the 
head >is considerably lower than the feet and the forces of gravity greatly increase 
the physiological values of the venous pressure. Venous pressure to 27 and 31 
cm.TTnO plus or minus 3 mm. Ii 2 0 were recorded. No significant alterations of 
intramuscular pressure were observed before or after the venous pressure was 
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increased to these high levels by the effect of gravity (fig. 3 a, 3 b). The Trende- 
lenburg position and the high increment of venous pressure was maintained for 
from 40-50 minutes during the operation. The high level of the venous pres- 
sures in the Trendelenburg position did not prevent the usually observed fall of 

TABLE 1 


Intramuscular and venous pressures in congestive heart failure . 


1 

I 

PATIENT : 

TIME 

INTRA- 

MUSCULAR 

PRESSURE 

VENOUS 

PRESSURE 

BLOOD 

PRESSURE 

REMARKS 



mm. IhO 

cm. IhO 

mm. Hg 


A10 


66 

20 



AlOa 


83 

IS 


Rheumatic heart disease. Auricular fi- 






brillation. Ether time 37 seconds. 
Vital capacity 1500 cc. 

AlOb 


55 

' 20 


Pericardial effusion 

■ - ii 

A41 


64 

25 


Pericardial effusion 



65 

26 





6S 

30 


Patient excited. Pericardial thoracen- 






tesis was attempted 

A7 1 


95 

11 


Before anesthesia 


10 min. 

95 

11 


Before surgery and after inhalational 






anesthesia 


40 min. 

85 

27 


Trendelenburg position; 40 min. after 

i 




j 

onset of anesthesia and 30 min. after 
onset of surgery. Intramuscular pres- 
sure still within range of error of the 
method, but falling 


120 min. 

38 

4 


Later it reached a low level 

B7 


78 

8.0 

140/86 

Before surgery and anesthesia 


9 min. 

80 

8.0 


Surgery 


19 min. 

83 

31.0 

160/80 

Trendelenburg position 


34 min. 


31 ±3 


Rapid respiratory fluctuation 


37 min. 

75 

28 




40 min. 

76 

30 

170/80 



48 min. 

68 

28 




58 min. 

66 

28 

160/80 

Operation ended 


8 hrs. and 

43 

3.6 


Post-operative depression 


43 min. 






intramuscular pressure which likewise occurs after 40-50 minutes of continuous 
anesthesia and surgery in the ordinaiy recumbent position. As has been pre- 
viously observed, the fall in intramuscular pressure preceded the drop in venous 
pressure. This phenomenon was recorded while the venous pressure was still 
at a very high level. • ' 
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Clamping the branches of the truncus arteriosus at the base of the heart of 
the frog (liana pipicns) was followed by a cessation of the heart beat which re- 
turned after the clamp was removed. With the arterial outflow clamped and 
the heart at rest, no significant alterations in intramuscular pressure occurred in 
the gastrocnemius or adductor magnus muscles (table 2). There was little 
change at 11 hours, but at 24 hours the intramuscular pressure had risen to double 
the previous value (table 2). 


TABLE 2 

Showing the effect oji intramuscular pressure in the gastrocnemius of the frog ( Rana pipicns) of: 
1. Loss of venous pressure by blocking the common iliac artery. 2. Loss of venous pressure 
by blocking the outflow of the heart. 3. Effect of death, viz., cessation of the heart beat, 
immediately , 11 hours later and 24 hours later. 4- Effect of death in the human, immediately 
after shock and peripheral circulatory collapse ( loss of venous pressure). 5. Effect of death,' 
24 hours later, in the human ( loss of venous pressure) 



INTRAMUSCULAR 

PRESSURE 

REMARKS 

It. 1\* 

mm. IhO 

3G 

Before and after pithing 


33 

Dorsal aorta clamped caudal to the iliacs 


2S 

Considerable hemorrhage. Before 


26 

Branches of truncus arteriosus damped. Heart stopped 


26 

beating 

Clamps released. Heart beating 

1 

26 

Branches of truncus arteriosus clamped. Heart stopped 

. 

26 

beating 

Apparent death. Heart not beating 


29 

Heart stopped beating 11 hours 


66 

24 hours after heart ceased to beat 

A57f 

25 

5 minutes before death, patient in shock and peripheral 


25 

circulatory collapse 

15 minutes after death. No heart beat 

M. C.f 

60 

Before death. Congestive heart failure 


125 

24 hours after death 


* Gastrocnemius muscle used in the frog (Rana pipiens). 
t Biceps brachii muscle used in the human. 


Immediately after death in the human being, a cessation of the heart beat in 
the frog, the intramuscular pressure did not drop. The levels immediately 
before and immediately after death were identical (table 2). 

The lowest levels to winch intramuscular pressure fell before death in the frog 
or in the human patient was 18 mm. H 2 0 (10). 

Discussion. Our findings verified those of Wells et al. (4) who also were un- 
able to change the level of intramuscular pressure in the biceps brachii by raising 
venous pressure to high levels with a tourniquet. However, when the tourniquet 
was placed on the leg and the intramuscular pressure measured in the soleus and 
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anterior tibial muscles, they found that venous pressures above 20 cm. H 2 0 
increased decidedly the intramuscular pressure in these muscles. 

The difference in results obtained in the same experiment on the biceps brachii 
in the arm, and the soleus and anterior tibial muscles in the leg are explainable on 
an anatomical basis. The latter muscles possess a very tight fascial covering. 
The biceps brachii and the gastrocnemius muscles on the other hand do not pos- 
sess a tight fascia. Thus, beyond certain increments of pressure, the dynamics 
of a closed, relatively inelastic space, comes into play in muscles covered lyy tight 
fascia. The fascia of these anti-gravity muscles serve a useful purpose in the 
support of the long column of venous blood in the extremities in erect posture (4). 

It is an interesting coincidence that up to 20 mm. II 2 0 venous pressure, there 
was no significant change in intramuscular pressure even in these tightly' covered 
muscles. Twenty centimeters of water venous pressure is commonly encount- 
ered clinically in congestive heart failure. We report herein observations on 
patients with heart failure with venous pressures up to 30 cm. H 2 0 without signif- 
icant alterations in intramuscular pressure (table 1). We feel that muscles that 
do not possess a tightly' investing fascia, give a more accurate reflection of intra- 
tissue pressure, in relation to the venules of the venous bed which encompass its 
fibers, in physiologic and pathologic states, than do the muscles with a tight 
fascia whose intratissue pressure is subject to the dynamics of increments within 
a closed space. 

We have shown that the energy of the muscles, measured as intramuscular 
pressure, is transferable to the venous bed in terms of an increase in venous pres- 
sure (8, 9, 14). Contrariwise, it is apparent from these experiments in which 
venous pressure was raised to high levels through the use of the tourniquet, 
through gravity, and with venoconstrictor drugs (9), that the energy of the 
venous bed, expressed as an increased level of venous pressure, is not transferable 
to the muscle mass in terms of intramuscular pressure. In none of these experi- 
ments did the intramuscular pressure significant]}' change in the face of high 
levels of venous pressure. Even more significant, in our opinion, was the fall 
in intramuscular pressure that occurred after 40-50 minutes of anesthesia and 
surgery, in the presence of the high level of venous pressure, which had been 
maintained for 38 minutes through the forces of gravity. The drop in intramus- 
cular pressure in the presence of a high venous pressure was in no way different 
from that previously reported by the authors (14) after 40-50 minutes of anes- 
thesia and surgery in the recumbent position, wherein the venous pressure was 
within normal limits at the beginning of the operation. In a similar fashion, in 
both circumstances, the initial decrease in intramuscular pressure preceded the 
drop in venous pressure hy 40-50 minutes. 

Sympathomimetic drugs which have a venoconstrictor action as well as a pres- 
sor action increase venous pressure for from 20 to 40 minutes, but in no way 
change the level of intramuscular pressure (14, 17). We have indicated that a 
compensatory mechanism exists aldn to the vasoconstriction which increases 
peripheral resistance to maintain systolic blood pressure which through veno- 
constriction, alone, sustains venous pressure during surgical procedures for pe- 
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riods of from 20 to 40 minutes after intramuscular pressure has failed (9, 14). 
However, if the level of intramuscular pressure continues to remain low beyond 
this period of time the mechanism fails and venous pressure declines (7, 8, 9, 
10, 14). 

A total loss of venous pressure, such as occurs after death in the patient and 
after clamping of the arterial outflow from the heart of the frog, with stoppage 
of the heart, did not alter the level of intramuscular pressure that existed before 
the clamping experiment, and before death in the patient or for eleven hours after 
cessation of the heart beat in the frog (table 2). 

We did not encounter intramuscular pressures below 18 mm. H«0 immediately 
after death in any patient (10) or in the frog. This is the lowest level to which 
intramuscular pressure falls in postoperative depression, in shock, and in shock- 
like states in the human being. 

Eighteen millimeter H 2 0 pressure must be the resiliance pressure of the mass 
of the muscle itself, for as rigor mortis appears the resistance of the muscle mass 
to the injection of fluid becomes very high. Intramuscular pressures above 18 
mm. H 2 0 during life probably represent the energy of the muscles that is ef- 
fective in the dynamics of peripheral circulation. 

The evidence is strong that intramuscular pressure is a measurement of a 
quality of the living muscle called tonus. But at death the value of this measure- 
ment ceases, inasmuch as tonus disappears with death (2), but the resistance of 
the muscle to injection of fluid does not disappear with death. 

Clinicians have long been aware of the relaxed state of the muscles of a patient 
suffering from syphilis with tabes dorsalis. Physiologists explained these phe- 
nomena in terms of loss of muscle tonus or as hypotonia (1G). We have observed 
low values for intramuscular pressure in tabetic patients. As shown in figure 
1, in such a patient, not only was the intramuscular pressure in the biceps brachii 
and the gastrocnemius muscles lower than is commonly found in the normal 
healthy individual, but the venous pressure measured in the antecubital vein 
was likewise lower than was normally found. 

We have never observed a low venous pressure with a normal intramuscular 
pressure nor have we ever observed a low venous pressure without a low level 
for intramuscular pressure. We have followed patients before and during the 
development of postoperative depression and shock and into shock-like states 
with peripheral circulatory collapse and have never observed venous pressure 
to fall first, and intramuscular pressure later. Contrariwise, after the first 
40-50 minutes of anesthesia and surgery, intramuscular pressure fails before the 
venous pressure drops. Thus, after intramuscular pressure had been depressed 
for a period upward of 40 minutes, the venous pressure always declined. When 
a patient was seen for the first time and found to be in shock with peripheral 
circulatory failure, an initial low intramuscular pressure was always accom- 
panied by a low venous pressure. However, when we had the opportunity to 
study a patient during the development of shock and peripheral collapse, we 
found that intramuscular pressure failed first, and the venous pressure later. 

The low level of intramuscular pressure seen in peripheral collapse, can be 
restored to the normal level by the intravenous administration of 10 cc. of a 20 
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per cent solution of pvridine-b-carboxylic-acid diethylamide 5 . Such a restora- 
tion is always accompanied by a simultaneous increase in venous pressure. 
Similarly, after the inhalation of carbon dioxide diluted in air in the normal (IS) 
and after over-ventilation tetany in the normal, increases in intramuscular and 
venous pressures were always observed to occur simultaneously (14). 

In our experiments and observations, all that could be noted was a, increasing 
venous pressure by means of a tourniquet, by gravity or by sympathomimetic 
drugs did not increase intramuscular pressure; b , a high level of venous pressure 
did not prevent the fall of intramuscular pressure (after 40-50 min. of surgery 
and anesthesia) which in turn preceded the fall of venous pressure; c, in the hypo- 
tonia of tabes dorsalis both intramuscular and venous pressures were found to be 
at low levels; d, a simultaneous increase of intramuscular and venous pressures 
always occurred after any agent that increased intramuscular pressure. When 
clinical improvement in the peripheral circulation occurred with a rise in venous 
pressure, evidence could not be demonstrated that intramuscular pressure in- 
creased before the venous pressure, analogous to the observation that the mus- 
cular phenomenon preceded the venous phenomenon when failure in the periph- 
eral circulation occurred. 

Summary. Increasing the venous pressure to high increments by use of the 
tourniquet did not increase the level of intramuscular pressure in the human 
being. 

Increasing the level of venous pressure by gravity in the Trendelenburg posi- 
tion for periods up to 50 minutes did not increase intramuscular pressure in the 
patient, nor did the maintained high level of venous pressure prevent a fall of 
intramuscular pressure which occurred after 40-50 minutes of surgical procedure 
under anesthesia, which in turn preceded the fall in venous pressure. 

Sudden clamping of the arterial circulation and at the truncus arteriosus and 
in the dorsal aorta in the frog did not lower intramuscular pressure in the gastroc- 
nemius or adductor magnus muscles. 

A loss of venous pressure after death in the human patient, and after cessation 
of the heart beat in the frog did not immediately alter the previously existing level 
of intramuscular pressure, nor did it change in the frog 11 hours after cessation 
of the heart beat. 

Eighteen millimeters H 2 0 is the lowest level of intramuscular pressure obtained 
in human beings or in the frog immediatety after death; this is the level to which 
intramuscular pressure falls before death in the shock state in patients, when 
peripheral collapse has ensued. 

The resistance of the muscle mass to the injection of fluid (intramuscular pres- 
sure) increases after death and becomes high with the appeal ance of ligoi mortis. 

CONCLUSIONS 

1. The resistance of the muscle mass to injections of saline at reproducible 
levels is a valid measurement of tissue pressure but only during life is it a meas- 
urement of the property called tonus. 

0 Coramine brand of Nikethamide, Ciba. 
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2. Intramuscular pressure increments above 18 mm. II 2 0 represent intratissue 
energy that is transferable to the venous bed. This transfer of energy can be 
measured in terms of increments of venous pressure. 

3. Venous pressure on the other hand is not a determinant of intramuscular 
pressure, and the energy of the venous bed, measured as venous pressure, is not 
transferable to the muscle mass, measured as intramuscular pressure. 
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Iii mammals a state resembling narcosis has been obtained by the application 
of electrical currents to the brain through electrodes located on the outside of 
the head. This state, electronarcosis (en.), can be produced by currents with 
very different properties; unidirectional pulse current (Leduc, 1902), pulse cur- 
rent with alternating direction of the pulses (Nagelschmidt, 1912), 50 cycle 
sinusoidal alternating current (van Harreveld and Kok, 1934). It was recently 
shown in this laboratory that the electronarcotic effect is due to the stimulative 
action of the current applied (van Harreveld, Plesset and Wiersma,1942). This 
fact indicates that the mechanism of en. differs from that of chemical narcosis, 
even though the symptoms of the two states may resemble each other very 
closely. 

Alexander and Cserna (1913) found that ether narcosis causes a severe de- 
pression of the brain metabolism. Administration of morphine or magnesium 
sulfate also decreased the oxygen consumption of the brain. This was con- 
firmed by Gavda (1914). Because of the differences in mechanism of chemical 
and electronarcosis it seemed of interest to determine the brain metabolism 
during en. 

Methods and results. The metabolism of the brain before, during and 
after en. was determined by measuring the decrease in oxygen content of the 
blood during its passage through the central nervous tissue (A-V difference), 
and by measuring the amount of blood flowing through the brain. For techni- 
cal reasons it was found impractical to make both of these determinations simul- 
taneously; the blood flow experiments require considerable preparation, making 
chemical narcosis immediately before the experiment necessaiy, and since this 
interferes with the oxygen uptake of the brain, the changes in A-Y difference 
were determined in experiments in which no general narcotic was used. 

En. was given as described before (van Harreveld, Plesset and Wiersma, 1942). 

1 This investigation was supported in part by a grant from the Department of Institu- 
tions of the State of California. 

2 Hixon Fellow. 
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Two electrodes were placed on the temples directly behind the eves. En. was 
initiated with 250-300 ma. 00 cycle alternating current. After 30 sec. the current 
was decreased to a level where respiration returned. With this current the 
animals could be kept in en. for any time desired. 

Dogs were used in all the experiments. 

1. Determination of blood flow in the brain and its relation to blood pressure. 
Rein’s method of blood flow determination, in which heating electrodes and 
thermocouples are placed directly in contact with the artery, could not be used 
in the present experiments since the initiation of en. is characterized by strong 
convulsions which would result in movements of the electrodes with respect to 
the vessels. Therefore the combined blood streams of the central ends of the 
severed carotids were led through flexible tubes to a flow meter placed outside 
the body and then through a heating coil, back to the peripheral ends of these 
arteries. Before re-entering the body the blood temperature was measured, 
and the temperature of the water round the coil was adjusted as to heat the 
blood to about 38°. 

The flow meter used was built on the Rein principle and consisted of a thick 
walled lucite tube (5 mm. inner diameter) through which the blood stream 
passed. In the middle of the tube the blood passed between two heating elec- 
trodes. These electrodes were 2.5 mm. apart and their shape, size and place- 
ment in the canal were such that the blood stream could be heated uniformly 
by a 60 cycle heating current passing through the blood. The power used was 
2 to 3 watts. The temperature difference of the blood before and after passing 
between the heating electrodes was measured with two thermocouples and a 
galvanometer. The flow meter was calibrated with defib rinated ox blood. A 
practically linear relation was found between the blood flow and the reciprocal 
of the galvanometer deflection per watt of heating power. 

Under ether narcosis the thyroid and external carotid arteries were ligated. 
In some experiments the vertebral arteries were left untouched; in most they 
were clamped off. In the latter cases care was taken to supply the brain noth 
blood throughout the manipulations, by connecting first one carotid with the 
flow meter and to connect the other only after the circulation through the first 
had been re-established. Blood pressure was recorded from the femoral artery. 
Fastusol B.B.A., 50 mgm./kgm. body weight (Modell, 1939) and heparin 3 , 5 
mgm./kgm. body weight were used as anticoagulants. 

a. Effect on blood pressure (fig. 1, broken line). The variations in blood pres- 
sure before en. can usually be traced to stimulations of the animal during this 
period. Immediately after applying the current, a drop in blood pressure 
occurs. The extent of this drop is rather variable. After a few seconds, how- 
ever, the pressure rises above the prenarcotic value. This rise usually lasts for 
several minutes after the initial high en. current has been reduced. The blood 
pressure eventually falls off to about the level found during the prenarcotic 
period. These changes are in complete agreement with the observations made 
by Bikeles and Zbyszewski (1920), Ivy and Barry (1932), Roos and Koopmans 

3 The heparin was kindly supplied by Hoffman-La Roche, Inc. 
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(1934) and by van Harreveld and Kok (1934). After the termination of en. 
a sudden drop in blood pressure is often observed. 

b. Effect on blood flow (fig. 1, solid line). The data for the calculation of the 
blood flow (deflection of the galvanometer, voltage and amperage of the heating 
current) were recorded once a minute. In all experiments the blood flow had 
a tendency to decrease slowfy and continually during en. as well as during the 
control periods before and after current application. This decline is not caused 
by changes in the blood pressure as in many cases the mean pressure does not 
change materially during the entire experiment, except during the short period 
immediately after the onset of en. Immediately after the start of en. large 
changes in blood flow occur which parallel the blood pressure variations. Dur- 
ing the first seconds of current application, the blood flow drops. This is fol- 
lowed by a sharp rise which often raises the blood flow for a few minutes high 
above the prenarcotic value. In the next few minutes the flow drops again 



Fig. 1. Blood flow (solid line) and blood pressure (broken line) during a blood flow 
experiment. On the abscissa is plotted the time in minutes, on the ordinate the blood flow 
in centimeters per minute and the blood pressure in millimeters Hg. At the arrow pointing 
up electronarcosis is started, at the arrow pointing down the current is cut. 

somewhat. From then on the blood flow continues to decline slowly during 
the en. period. In this waj r the blood flow, during the main part of en., is always 
larger than would be expected from its prenarcotic slope. When the en. current 
is cut, the flow often drops sharply. A good demonstration of this phenomenon 
can be seen in figure 1. In this experiment the blood pressure also shows a 
slight drop at the end of en. The drop in blood flow, however, continues long 
after the blood pressure has reached its new lower level. 

It thus seems that en. raises the level of blood flow without interrupting the 
continuous decline observed during the control periods before and after en. 
There is a considerable variation in the rapidity of the decline in different ex- 
periments; sometimes the blood flow after 20-30 min. of en. is still well above 
its prenarcotic level. In other experiments it dropped considerabl} r below this 
level notwithstanding the rise caused by en. 

In some of the control experiments in which the animal was prepared as usual 
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but in which no en. was given, the same gradual decline of the blood flow was 
found without, of course, the increase due to en. In other controls, however, 
the blood flow dropped only for about the first 30 min. but then leveled off. 
The decline is not a specific effect due to the administration of fastusol since a 
drop of similar magnitude was found when heparin was used as anticoagulant. 

In the experiment given in figure 1, the vertebral arteries were clamped off. 
A similar picture is obtained when the vertebral arteries are left intact. In the 
latter experiments the total amount of flow measured through the internal 
carotids is smaller. 

2. Determination of A- V differences. On the day before the experiment a 
h inch hole was trephined in the skull over the sagittal sinus. This was per- 
formed under nembutal-ether narcosis and with aseptic precautions. Into this 
hole a threaded piece of brass tubing h inch high and -V inch in diameter was 
screwed. The spinal cord was transected in the lower thoracic region to make 
possible recording of the blood pressure from the femoral artery during the 
actual experiment without the use of a general anesthetic. 

The next day the dura, at the bottom of the tube, and the surrounding skin 
were anesthetized with novocain, and a femoral artery was prepared and con- 
nected with a recording manometer. The manometer connections and the 
cannula were filled with 5 per cent fastusol solution and 50 mgm. of the dye per 
kgm. body weight was injected intravenously. 

The venous samples were taken in the following manner: the brass tube was 
filled with thin mineral oil, then the sinus was punctured and the blood accumu- 
lating under the oil was sucked up in a syringe partly filled with oil. The tube 
was then closely packed with cotton until the next sampling. Arterial samples 
were obtained from the intact femoral artery. The samples (5 cc.) were trans- 
ferred under oil to tubes cooled by ice water until the time of the oxygen deter- 
mination. It was found that blood can be kept for several hours under these 
conditions without significant changes in the ox.ygen content. The oxygen con- 
tent of the samples was determined by the method of van Slyke and Neill (1921). 

In most experiments 6 sets of venous and arterial samples were drawn, namely, 
two controls, about 20 and 5 min. before the start of en.; two sets during en. 
10 to 15 and 25 to 30 min. after the start; and two more controls 10 to 15 and 
25 to 35 min. after the end of en. The first sample during en. cannot be taken 
earlier than about 10 min. after the start because, as has been shown above, 
rapid and large changes in blood flow occur during the initial phases of en. 
Besides there is a complete respiratory arrest during the first minute of en. 

In table 1 the oxygen A-Y differences of 7 experiments are given. The overall 
values show that the A-Y differences increase notably during the experiment. 
This tendency is present in the period before, during and after en., as a compari- 
son of the two values obtained during each of these periods shows. The effect 
of en. is to depress the A-V differences without interrupting the slow increase. 
Thus the beginning of en. causes a drop of the A-V differences, whereas a notable 
increase of this value is observed after the end of en. The individual experi- 
ments show considerable deviations from this average. Especially it should be 
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noted that in some experiments the A-V differences during en. instead of being 
smaller are larger than before current application. 

Discussion. It is likely that the slow decline in blood flow observed is due 
to a number of factors among which the cessation of ether narcosis, the use of 

TABLE 1 

A-V differences during electronarcosis experiments 
Each observation consists of three figures. The upper one indicates the time in minutes 
before the start of en. (columns 1 and 2), after the beginning of en. (columns 3 and 4), and 
after cutting the current (columns 5 and 6). The middle of the three figures is the A-V 
difference in volume per cent at these moments, and the lover figure is the blood pressure in 
millimeters Hg at the moment the sample was taken. 


NiniBEK 

| BEFORE ELECTRONARCOSIS 

DURING ELECTRONARCOSIS 

J ALTER ELECTRONARCOSIS 

l 

20' 

13.3% i 
103 mm. 

5' 

13.0% 
117 mm. 

15' 

8.8% 

95 mm. 

30' 

11.5% 
102 mm. 

15' 

16.1 % 
100 mm. 

30' 

16.6 % 

86 mm. 

2 

j 

1 

22' 

9.8% 

99 mm. 

7' 

9.8% 

9S mm. 

11' 

11.5% 

So mm. 

28' 

13.5% 

9S mm. 

10' 

13.6% 

79 mm. 


3 

’ 

18' 

14- S % 

134 mm. 

6' 

16.3 % 

123 mm. 

10' 

17.9% 

123 mm. 

26' 

19.6% 

139 mm. 

12' 

19.1 % 

124 mm. | 

25' 

19.9 % 

100 mm. 

4 1 

21' 

11.8% 

5' 

12.8 % 

12' 

12.8 % 

28' 

12.3% 


35' 

17.2% 

5 

20' 

13.3% 
128 mm. i 

5' 

15.1% 

132 mm. 

15' 

13.3% 

159 mm. 

30' 

11.8% 

148 mm. 

16' 

13.5% 

105 mm. 

35' 

12.3% 

90 mm. 

6 

19' | 

13.4% 

96 mm. 

4' 

15.1 % 

123 mm. 

16' 

12.2% 

9S mm. 

31' 

12.9 % 

109 mm. 

15' 

15.3% 

100 mm. 

30' 

15.1 % 

106 mm. 

7 

20' 

12.6% 

SO mm. 

i 

5' 

10.5 % 

118 mm. 

10' 

9.3% 

! 10S mm. 

25' 

11.8% 

124 mm. 

8' 

12.6% 

92 mm. 

28' 

13.5 % 

94 mm. 

Average 

A-V dif- 
ferences . . 

12.7% 

13.2 % 

i 

12.3% 

13.3 % 

15.0 % 

15.8% 


an anticoagulant., and perhaps the application of the en. current have to be 
considered. 

The administration of ether, necessary for the preparation of the animal for 
the blood flow experiments, was stopped shortly before the beginning of the 
blood flow recording. Alexander and Cserna (1913) and Gayda (1914) found 
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that the blood flow is decreased during chemical narcosis. This would exclude 
the possibility of explaining the slow decline of the blood flow observed in the 
present experiments by the cessation of ether narcosis. However, Finesinger 
and Cobb (1935) saw that the pial vessels are dilated during ether narcosis. 
These vessels contracted again when narcosis was stopped. Such a contrac- 
tion, if present throughout the brain, would explain the decline of the blood flow 
during the first part of the experiment. 

There are indications that a brain edema develops under the experimental 
conditions, for at the end of the blood flow experiments brain material was found 
to protrude through a hole made in the skull. The development of this brain 
edema may explain the continued slow decline in blood flow. Since Jacobi and 
Magnus (1925) observed the development of brain edema during en., it is pos- 
sible that the application of the en. current at least facilitates the development 
of the edema. On the other hand, the same slow decline of blood flow through- 
out the experiment has been found in some of the controls. It is possible that 
the use of an anticoagulant has .caused the edema in these cases. Since the same 
amount of fastusol has been injected in the blood flow and in the A-Y difference 
experiments, the two series of experiments are comparable in this respect. 

A parallel between the blood pressure and blood flow exists during the earlier 
stages of en. which is indicative of the close dependence of these two values. 
However, the mean blood pressure is not the only factor influencing the rate of 
flow. It was found that the blood flow level is raised for the duration of en. 
This is true even if the blood pressure during en. is lower than before (see fig. 1). 
The stimulating effect of en. on the blood flow may be due to a dilating effect 
on the brain vessels. This is supported by an observation of Jacobi and Mag- 
nus (1925), who found that the pial vessels during en. are markedly dilated. 

Most of the A-Y differences found in the present experiments on non-narco- 
tized animals are between 12 and 16 vol. per cent. In some experiments in 
which A-V differences were determined shortly after stopping ether narcosis, 
much lower values, between 4 and 8 vol. per cent, were found. These figures 
are in complete agreement with Alexander and Cserna’s values under the same 
circumstances. 

The trend in the changes of the A-Y differences (table 1) and of the blood 
flow (fig. 1) are in opposite directions. Thus, whereas en. depresses the A-V 
differences, it raises the level of the blood flow. Also, whereas the A-Y differen- 
ces gradually increase during the periods before, during and after en., the blood 
flow gradually declines. Thus it appears that all changes in the A-V differences 
found in these experiments are mainlj r reflections of the changes in the rate of 
blood flow. It is true that in some experiments (expts. 2 and 3, table 1) the 
A-V differences 10 to 15 min. after the start of en. were higher than before, but 
in these experiments the decline of the blood flow may have been so rapid that 
the flow has fallen below the prenarcotic value at the time the sample was taken. 

Since the changes in A-V difference caused by en. seem to be mainly due to 
variations in the blood flow, it can be concluded that the changes in brain metab- 
olism produced by en., if any, certainly are not large. The question whether 
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en. influences the brain metabolism in the same way as ether narcosis must thus 
be answered negatively, and the present experiments support the conclusion 
(van Harreveld, Plesset and Wiersma, 1942) that the nature and mechanism of 
electronarcosis differ widely from those of chemical narcosis. 

We are indebted to Dr. M. S. Plesset, Mr. C. H. Ellis and Mr. E. B. Wright 
for their advice and assistance. 


SUMAL-VRV 

1. The influence of electronarcosis on the blood flow through the brain has 
been investigated. Electronarcosis has been found to have a tendency to in- 
crease the flow. 

2. In other experiments in which no general narcotic was applied, the effect 
of electronarcosis on the A-Y differences of the brain was examined. This effect 
appeared to lie a depression of the A-V differences. 

3. A comparison of the changes of the A-Y differences before, during and after 
electronarcosis, with the course of the blood flow during these same periods, 
showed that the former are mainly reflections of the latter. 

4. It therefore can be concluded that electronarcosis does not cause large 
changes in the brain metabolism and thus that electronarcosis differs greatly 
from chemical narcosis in its effect on the oxygen consumption of the central 
nervous S3 r stem. 
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Cocaine, which generally potentiates the peripheral activity of adrenergic 
nerve fibers, does not augment the uterine responses to hypogastric nerve stimu- 
lation in the rabbit and monkey, as it does in the cat and rat (1). These results 
with cocaine might be interpreted as indicating a predominance of adrenergic 
elements in the hypogastric nerve of the cat and rat, and of cholinergic (post- 
ganglionic) fibers in the same nerve of the rabbit and monkey. It seemed possi- 
ble that this hypothesis might be tested by studying the effect of atropine, a 
parasympathetic depressant, on the same uterine responses to hypogastric nerve 
stimulation. 

Reports of previous studies on the effect of atropine on uterine responses to 
hypogastric nerve stimulation are limited to a few brief but authoritative state- 
ments. Rohrig (2) in 1879 observed that in the rabbit atropine did not paralyse 
the “motor” fibers to the uterus. This was confirmed by Langley and Anderson 
(3) who reported that they had injected up to 50 mgm. atropine intravenously, 
presumably in the rabbit. No further details of the experiment were given. 
Cushny (4) observed that “atropine had no effect on the uterus or on the hypo- 
gastric nerve, unless pilocarpine had been injected previously, when atropine 
restored the organ to its normal condition and prevented any further contrac- 
tions from pilocarpine”. These observations of Cushny have been “repeatedly 
confirmed” by Sherif (5). 

The results of the present investigation have substantiated these earlier find- 
ings in regard to small doses of atropine. Large doses, on the other hand, de- 
pressed and frequently abolished the excitatory response of the uterus to hypo- 
gastric nerve stimulation, in both the rabbit and monkey. This difference, de- 
pending upon the dose of atropine given, may well explain why others have not 
reported any effect with atropine. Neither Rohrig nor Cushny stated the 
amount of atropine which they used, and although Langley and Anderson in- 
jected “up to 50 mgs.”, which is admittedly a large dose, it is not easy to evaluate 
their statement without further experimental data. It is possible that with this 
large dose a reduction in response might have been unrecognizable by naked-eye 
observation, for Langley and Anderson did not use any mechanical recording of 
uterine activity. 

In carrying out the experiments with large doses of atropine, we were finally 
led to suspect that the drug might be acting at the ganglionic synapse, rather 
than at the neuro-effector junction in the uterus. 

Method. The experimental set-up for hypogastric nerve stimulation and 
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the recording of uterine activity were the same as previously reported (1). 
Seventeen experiments in rabbits and 6 in monkeys (Macaca mulatta) were 
carried out. The animals were anesthetized with nembutal, 0.03 gram per kgm. 
of body weight, injected intraperitoneally. Atropine sulphate in 0.25 per cent 
solution was administered intravenously in doses of 1 mgm. to 25 mgm. These 
doses are highly toxic but were never lethal. 

In order to determine whether the effect of atropine on uterine activity and 
nerve stimulation varied according to the sexual cycle of the uterine musculature, 
castration was performed one to three weeks prior to the experiment in seven of 
the rabbits. Three of these animals were given intraperitoneal injections of 
theelin (2000 rat units) two days, and again one day, before the experiment. In 
two other non-castrate rabbits, progynon (2000 rat units intraperitoneally) or 
pregnancy urine (10 cc. intravenously) was administered a day or two prior to 
the experiment. 

Results. There was no essential difference in the results obtained in the 
rabbit and in the monkey. In only three experiments was the injection of 
atropine followed by an 3 r excitation of the uterus; in all the others atropine had 
no direct effect on uterine activity. 

Siyiall doses of atropine. The excitation of uterine activity seen characteristi- 
cally in the rabbit and monkey after hypogastric nerve stimulation, was unal- 
tered in four experiments (nos. 4, 17, 18, 46) following the administration of 
atropine in small doses under 5 mgm. Increasing the total dosage of atropine 
to 8-10 mgm. during a 10 minute period, in three of these experiments, caused 
depression or complete inhibition of the response. In the fourth experiment 
(no. 4) the amount of atropine was increased up to 15.5 mgm. in a 25 minute 
period, without any alteration of the response. 

Large doses of atropine. In three experiments (nos. 43, 44, 48) an initial dose 
of 6-10 mgm. was followed immediate^ by marked reduction or cessation of the 
response to hypogastric nerve stimulation. Recovery of the response in these 
animals (all monkeys) did not occur for one to two hours. In the remaining 16 
experiments, the initial dose of atropine was 12.5 mgm. in 14 animals, and 25 
mgm. in 2 others. The response to nerve stimulation was abolished in three 
(nos. 1, 10, 11), diminished in ten, and unaffected in three (nos. 9, 5, 60). Where 
the response was reduced bj r the initial dose, a second administration of atropine 
(usually 12.5 mgm. within 5-10 min.) produced a further diminution or complete 
inhibition (fig. 1). The dose necessaiy to abolish the response varied greatly 
and in some animals 50 mgm. were administered before complete inhibition 
followed. With increase in the strength of the stimulus a small response of the 
uterus could occasionally be reproduced. In 2 of the 3 experiments where the 
first dose of atropine had no effect on nerve stimulation, a second dose of 12.5 
mgm. inhibited the response in one (no. 9), but not in the other (no. 5). 

It is clear from these findings that, . despite an occasional “negative” result, 
a large dose of atropine (usually 10-25 mgm.) depressed or abolished the uterine 
response to hypogastric nerve stimulation in both the rabbit and monkey. 
Depression of the response b 3 r atropine persisted for periods of |-2 hours, when 
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hypogastric nerve stimulation once more produced its customary excitatory effect 
on uterine activity. The occasional negative result (nos. 5, 60), where even 25 
mgm. atropine failed to affect hypogastric nerve stimulation, is puzzling. Per- 
haps a still larger dose in these experiments might have altered the response. 
One of these animals was a rabbit to which 10 cc. pregnancy urine had been 
administered 4 days previously and the uterus was markedly active. The other 
was a normal monkey. 
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Fig. 1. Effect of large doses of atropine on the uterine response to hypogastric stimula- 
tion in the rabbit. 

A B C D E F, Stim. hypogastric nerve. Between A and B atropine 12.5 mgm. intraven- 
ously. Between C and D 5 min. interval, and atropine 12.5 mgm. intravenously. Between 
E and F 45 min. interval. Recovery of response. 

Time in minutes. 

There was no alteration in the uterine response to adrenaline following the 
administration of atropine. 

The results did not reveal any obvious correlation between the effect of atro- 
pine on nerve stimulation and the sexual cycle of the uterus. The same depres- 
sion of the response bj r atropine was noted in normal, castrate, estrogenized, and 
pseudo-pregnant rabbits. 


ATROPINE AND UTERINE RESPONSE TO NERVE STIMULATION 181 

In normal monkeys the excitatory phase of the response to hypogastric nerve 
stimulation is frequently followed by a period of inhibition, during which rhyth- 
mic activity in the uterus is reduced to a minimum. Under certain circum- 
stances, such as after the intravenous injection of suitable doses of nicotine, the 
excitatory phase is abolished but the inhibitory phase persists (6), showing that 
they are to some degree independent of each other. Following the administra- 
tion of large doses of atropine the inhibitory phase of hypogastric nerve stimu- 
lation clearly persisted in two instances although the excitatory phase had 
completely disappeared. In the other experiments the inhibitory phase of hypo- 
gastric nerve stimulation was not sufficient^ prominent to allow interpretation 
of the results. 

Discussion. The dose of atropine required to abolish parasympathetic re- 
sponses at the neuro-effector junction is small. In the cat 3-6 mgm. is sufficient 
to paralyse the chorda tympani (7) and even smaller doses have been shown to 
abolish the effects of vagal stimulation on the heart (8). The fact that much 
larger doses of atropine (10-25 mgm. and occasionally as much as 50 mgm.) were 
required to abolish the uterine response to hypogastric nerve stimulation would 
seem to suggest some action other than that at the termination of cholinergic 
postganglionic fibers. 

There is considerable evidence to show that large doses of atropine act at the 
sympathetic ganglionic synapse. Langley (7), in studying the depressant action 
of atropine on salivary secretion found that, after 10 mgm. of atropin had been 
injected, the sympathetic trunk in the neck no longer could be made to cause a 
secretion, whilst a secretion could still be obtained from the filaments proceeding 
from the superior cervical ganglion. Langley did not interpret this experiment 
further, but others (9, 10) have confirmed the observation. The final proof as 
to the site of action of the drug in these expei-iments was given by Feldb erg and 
Vartiainen (11). They perfused the superior cervical ganglion and observed 
that, although atropine in low concentrations when added to the perfusion had 
no effect, yet if larger doses, such as 0.1 mgm., were injected into the perfusion, 
a complete paralysis of response to preganglionic impulses and to acetylcholine 
was produced. The relatively smaller dose (2 mgm. injected into the general 
circulation) which Marrazzi (12) found sufficient to depress transmission through 
the superior cervical ganglion may lie attributable to the fact that he used 
threshold stimulation of the cervical sympathetic trunk and a highly sensitive 
method of recording the effect. 

Further evidence of the action of atropine at sympathetic ganglia was fur- 
nished by the following experiment, which was carried out before we became 
aware of the similar observation by Langle} r (7) on salivar} r secretion. The 
cervical sympathetic nerve in the cat was stimulated below the superior cervical 
ganglion, resulting in wide dilatation of the pupil and retraction of the nictitating 
membrane. Atropine was injected intravenously in graduated doses until a 
total of 12.5 mgm. was reached. At this point stimulation of the cervical sym- 
pathetic trunk below the superior cervical ganglion no longer produced airy 
response in the eye, but stimulation above the superior cervical ganglion resulted 
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in immediate dilatation of the pupil and full retraction of the nictitating mem- 
brane. 

It has been established (3, 4, 0) already that within the hypogastric nerve 
pathway to the uterine musculature, synaptic connections lie peripheral to the 
point of stimulation of the nerve, so it is theoretically possible that the effects 
that have been obtained with atropine are due to a depressant action at the 
synaptic junctions in such peripherally located ganglia. The large amounts of 
atropine which were found necessary to produce any effect make this interpreta- 
tion probable. If is not permissible, therefore, to draw any further conclusions 
in regard to the nature of the postganglionic fibers within the hypogastric nerve. 

The failure of small doses of atropine to depress hypogastric nerve activity 
cannot be interpreted necessarily as signifying that these nerves in the rabbit 
and monkey are not predominantly cholinergic, for there are notable examples 
where the activity of purely cholinergic (postganglionic) fibers is unaffected by 
the administration of atvopine (13). 

SUMMARY 

1. Small doses of atropine (up to 5 mgm.) had no effect on the uterine response 
to hypogastric nerve stimulation in the rabbit and monkey. 

2. Larger amounts of atropine (usually 10-25 mgm.) depressed and often 
abolished the responses for periods lasting h to 2 hours. 

3. The results with the larger doses of atropine are probably due to the de- 
pressant action of the drug at the synaptic connections which lie along the 
hypogastric nerve pathway, distal to the point of stimulation. 

4. Further confirmation of the action of atropine at sympathetic ganglia has 
been obtained by observing its effect on the changes in the pupil and nictitating 
membrane in response to stimulation of the cervical sympathetic below and 
above the superior cervical ganglion. 

We are grateful to Prof. Otto Loewi for much helpful advice. 
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Numerous investigators have observed that diets deficient in vitamin E lead 
to degeneration, paralysis and weakness of the skeletal muscles in various species 
of laboratory animals. The evidence concerning the extent to which vitamin 
E deficiencies are associated with lesions of the nervous system appears to be 
controversial and inconclusive (1, 2). Likewise, the reports concerning the 
efficacy of vitamin E therapy in various neuromuscular diseases have been 
conflicting. 

This report is concerned with the role of vitamin E in neuromuscular atrophy 
and regeneration. Studies have been made concerning the effects of vitamin 
E-deficient diets and excess intakes of vitamin E upon the extent and velocity 
of denervation atrophy of muscle and subsequent neuromuscular regeneration. 
The experiments have been carried out on the gastrocnemius muscles and tibial 
nerves of guinea pigs and adult albino rats. In the former species the course of 
muscle degeneration resulting from deficient E intakes is extensive and rapid 
while in the latter the dystrophy follows a more chronic course. 

Experimental. The mothers of j'oung rats were placed on a vitamin E- 
deficient diet (3) ten days after the birth of their litter. The young were weaned 
at the age of 28 days and reared for 4 months on the deficient diet. The controls 
were animals of the same age, sex distribution and stock and were reared on an 
adequate diet. The members of the E-excess group received a daily supplement 
of 4 mgm. of alpha-tocopherol 2 per os. 

Guinea pigs were placed on a standard E-deficient diet (4) and 5 mgm. of 
ascorbic acid per day. The group designated as “E-control” received in addi- 
tion 3 mgm. of alpha-tocopherol by mouth every other day. The “E-deficient” 
guinea pigs received the standard E-deficient diet without alpha-tocopherol 
supplements. The animals in the groups designated as “E-excess” were given 
the basal diet supplemented with 15 mgm- of alpha-tocopherol on alternate days. 

Complete denervation of the gastrocnemius was accomplished by crushing 
the tibial nerve at its junction with the peroneal between a heavy linen ligature 
and a brass rod. Such a procedure allowed for complete paralysis of the muscle 
and preserved good alignment for subsequent reinnervation. In certain experi- 
ments where it was desirable to eliminate muscle regeneration a section Avas 
removed from the nerve. The corresponding muscle and nerve of the unoper- 
ated contralateral limb A\ T ere utilized as a control. 

1 Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 

2 The alpha-tocopherol was supplied through the courtesy of Hoffman-LaRoche, Inc., 
Nutley, N. J., and Merck and Company, Rahway, N. J. 
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At indicated times after operation, studies were made as to the strength, 
weight and creatine concentration in the control and experimental muscles. 
The muscles of some animals were utilized for histologic examination. The 
strength of the muscles was determined by measuring the maximal isometric 
tension which developed in response to volleys of supermaximal stimuli applied 
to the tibial nerve and directly to the muscle. The techniques employed for 
stimulation and muscle strength measurements have been described in detail 
elsewhere (5). These procedures made it possible at any chosen time to deter- 
mine muscle strength, weight, creatine concentration, and the capacity of the 
nerve to activate its muscles; and to compare such findings with those on the 
unoperated contralateral control limb. Previous studies on the rat have indi- 
cated that neuromuscular regeneration runs a remarkably constant course when 
the animals are carefully matched as to age, body weight and sex (5). 

Results. The data in tables 1 and 2 indicate that excess intakes of vitamin 
E had no appreciable effect upon the course of neuromuscular regeneration. 
Essentially the same extent of recovery of mass and strength occurred in the 
denervated muscles of guinea pigs and rats which had received excess intakes 
of E as in the denervated muscles of the control animals. The functional state 
of regenerating nerve, as judged by its capacity to activate muscle, was not im- 
proved by an excess of vitamin E. 

The unoperated control muscles of guinea pigs and rats on vitamin E-deficient 
diets showed evidence of dystrophy. The creatine concentration in such muscles 
was found to be somewhat lower than that in muscles from control animals 
reared on an adequate diet. Histologic examination revealed the presence of 
lesions characteristic of muscle dystrophy. Functional impairment of muscle 
was evidenced by the finding of a weaker response per unit weight to direct 
and motor nerve stimulation than in muscles from control animals reared on 
diets adequate in vitamin E content. Furthermore, the ratio of tension elicited 
by nerve stimulation to that developed in response to direct muscle stimulation 
was considerably lower in animals deficient in vitamin E than in animals on 
adequate intakes. The latter finding indicates a relative ineffectiveness in the 
capacity of the nerve to activate its muscle and is significant in the light of a 
report by Telford (6) that a marked reduction occurred in the number of nerve 
terminals in the degenerated areas of muscles from rats on vitamin E-defi- 
cient diets. 

The average values for the results of experiments on 65 rats reared on an E- 
deficient diet together with values for a larger number of control animals on ade- 
quate diets are presented in table 1. The results show that a diet so deficient 
in vitamin E as to allow the development of mild muscle dystrophy did not 
appreciably retard recovery from peripheral nerve injuiy. The loss of muscle 
strength and weight during a 14 day period of complete denervation was some- 
what greater than that found in control animals. However, it is to be noted 
that in the regeneration experiments recovery of muscle mass and strength 
occurred at a velocity comparable to that observed in the experiments on control 
animals. 

Studies made upon the gastrocnemius muscle of E-deficient guinea pigs 14 
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TABLE 1 


A summary of the average values and standard errors for gastrocnemius muscles of rats on 

control, E-deficicnt and E-excess diets 
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416 

Control. . . . 

H 

35 

27.0 ±1.6 

1322 

1591 

1697 

1842 

57.4 ±4.0 

63.4 ±2.6 

395 

451 

E-def 

1 

35 

29.5 ±1.3 

909 

1403 

1146 

1644 

45.5 i2.2 

56.1 ±2.2 

355 

422 

Control 

n 

42 

SliiBH 

1580 

1820 

1707 

1878 

69.0 ±2.9 

70.7 ±2.3 



E-def 

m 

42 

jjfllra 

976 

1191 

1237 

1563 

61.4 ±2.5 

63.4 ±2.0 

370 

426 

Control 

26 

28 

26.0 

1018 

1412 

1399 

1712 

48.9 

59.4 

410 

45S 

E-excess . . . 

22 

2S 

26.9 

1084 

1466 


1735 

54.7 

61.2 

386 

455 


* Exper. refers to muscles previously subjected to denervation and control to contra- 


lateral non-denervated muscles. 


f Expressed as per cent of that found in contralateral control. 


TABLE 2 


A summary of the average values for gastrocnemius muscles of guinea pigs on control, 

E-deficient and E-excess diets 


CONDITION 

NO. OF 
ANIMALS 

TIME 

AFTER 

LESION 

PER CENT 
WEIGHT 
LOSSt 

TENSION PER GRAM MUSCLE WHEN 
ACTIVATED THROUGH 

RELATIVE STRENGTH 
OF DENERVATED 
MUSCLEf WHEN ACTI- 
VATED THROUGH 

Nerve 

Muscle . 

Exper.* 

Con- 

trol 


Con- 

trol 

Nerve 

Muscle 



days 


■ " ■ 






Controls 

17 

35 

20. S 

1007 

1643 

1237 

1834 

47.6 

54.5 

E-excess 

9 

35 

24.6 

1040 

1631 

1439 

1845 

4S.2 

59.0 

E-def 

9 

35 

6.2 

524 

406 

737 

582 

145.2 

127.0 

Controls 

10 

14 

31. S 



669 

1778 


25.7 

E-def 

6 

14 

35.5 



378 

1257 


19.4 


* Exper. refers to muscles previousl 3 r subjected to denervation and control to contra- 
lateral non-denervated muscle. 

f Expressed as per cent of that in contralateral control. 
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days after denervation by nerve section showed slightly greater losses of strength 
and weight than was found in similarly treated muscles of control animals on 
adequate diets (table 2). However, the relatively short duration of the experi- 
ment prohibited the development of more than a mild degree of dystrophy in 
these animals. A study of regeneration in guinea pigs on diets deficient in vita- 
min E showed that muscles, 35 days after the crushing of their nerves, were 
appreciably stronger than their unoperated contralateral controls (table 2). 
This was true for the responses elicited by nerve stimulation as well as b} r direct 
activation. Histologic examination showed the presence of dystrophic lesions 
in both the denervated and control muscles but quantitative estimations of their 
severity were difficult. The fact that the unoperated contralateral control 
muscles gave very weak responses to direct and motor nerve stimulation indi- 
cated the presence of a severe state of dystrophy in this group of animals. Thus, 
it would appear as if the effects of a marked E-deficiency were more pronounced 
on normally innervated muscles than on muscles previously subjected to de- 
nervation. It should be noted that Pappenheimer (7) found that nerve section 
protected the muscles of young suckling rats from the usual effects of E depriva- 
tion. Our knowledge concerning the role of vitamin E in muscle physiology 
and the factors that influence the requirements of tissue for the vitamin must 
be more complete before such phenomena can be satisfactorily explained. 

The experiments on different levels of vitamin E intakes show that neuro- 
muscular regneration is little affected by the quantity of vitamin in the diet. 
If vitamin E is necessary for neuromuscular regeneration, the requirements are 
so small as to be within the amounts present in an “E-deficient diet” which read- 
ily permits the occurrence of lesions characteristic of E-deficiency. These 
findings on experimental animals suggest the futility of employing large doses 
of vitamin E in order to promote recovery of muscle and nerve from lesions re- 
sulting from causes other than a deficiency of vitamin E itself. 

SUMMARY 

A comparative study has been made of neuromuscular atrophy and regenera- 
tion in the gastrocnemius muscles and tibial nerves of guinea pigs and albino 
rats on different levels of vitamin E intakes. 

The studies included determinations of muscle strength as measured by the 
response to stimuli applied directly to muscle and to its motor nerve, the degree 
of atrophy and creatine concentration at various times after unilateral dener- 
vation. The muscle and nerve of the contralateral limb served as a control. 

The extent and velocity of neuromuscular regeneration in the rat was not 
significantly affected by the amount of vitamin E in the diet. The intakes 
ranged from that in E-deficient diets to that in adequate diets supplemented 
with several times the usual intakes of vitamin E. 

Excess intakes of vitamin E exerted no appreciable effect upon the course of 
neuromuscular regeneration in the guinea pig. The gastrocnemius muscles of 
E-deficient guinea pigs undergoing regeneration following a unilateral crushing 
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of the tibial nerve were found to lie functional^ superior to their contralateral 
unoperated controls in the tests made 35 daj’-s after operation. 
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The production of gross and cellular enlargement of the parathyroid glands 
of a variety of animals by anterior hypophyseal extracts has led to the assump- 
tion that the hypophysis exercises a parathyrotropic function (1). Insufficient 
evidence has been adduced that these extracts produce any hyperparathyroid- 
ism. Some degree of rise in blood calcium level has been reported following 
their administration (1, 2) but this effect has not been observed by all investi- 
gators (3, 4). Furthermore, a fall in serum inorganic phosphate, a characteristic 
parathyroid hormone effect (5), has not been observed (2, 4, 6). 

Although parathyroid atrophy has been found in hypophysectomized animals 
(1), evidence has not been produced that these glands are functionally insuffi- 
cient. The serum calcium of hypophysectomized mammals is not significantly 
depressed (1, 6) nor is the serum inorganic phosphate raised (7). The fall in 
serum calcium of the hypophysectomized amphibian, Xenopus laevis, has not 
been shown to be mediated through the parathyroids. Ovariectomy also causes 
hypocalcemia in this species (8). 

Some degree of functional impairment of the hypophysectomized animal’s 
parathyroids might conceivably be present but not be manifest under ordinary 
experimental conditions. Partial parathyroidectomy may produce slight or no 
change in the serum calcium and phosphate of animals on a normal diet. The 
present experiment was designed to test the parathyroid function of hypophy- 
sectomized rats subjected to the stress of a low calcium diet. At the same time 
the susceptibility of hypophysectomized rats to parathyroid insufficiency was 
determined on account of the possibility that hypophyseal insufficiency might 
modify in some manner the usual response to parathyroid deprivation (cf. the 
effect of hypophysectomy on the diabetes of pancreatic ablation). 

Experimental methods. Male albino rats of ages 60-70 days -were used. 
Hypophysectomy was done by the usual parapharyngeal approach. The com- 
pleteness of operation was checked at autopsy bj r making serial sections of any 
tissue remaining in the pituitary fossa and by body weight curves and the size 
of the adrenals and testes. Animals failing to satisfy all the criteria were dis- 
carded. Parathyroidectomy was done under binocular magnification with re- 
moval of as little thyroid as necessary. Occasional animals failing to show the 
characteristic profound change in blood chemistry were proven to have para- 
thyroid remnants by serial section of the remaining thyroid tissue at autopsy. 
The double operation (both parathyroidectomy and hypophysectomy) was done 
on one group of rats at the same time. All animals, both operated and controls, 
were kept in wire-bottom cages maintained at a temperature of 28-32°C. through- 
out the duration of the experiment. A recovery period of one to three days after 
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operation was allowed on the normal diet. The times in the table refer to the 
period on the experimental diet. The animals were killed at intervals from 
one to four weeks by anesthetizing with ether and bleeding from the abdominal 
aorta. The blood was collected directly into centrifuge tubes. Serum calcium 
was determined on 1.0 ml. serum by the method of Clark and Collip. Serum 
inorganic phosphate was determined on 0.5 ml. serum by the method of Fiske 

TABLE I 

Influence of low calcium diet on the serum calcium and inorganic phosphate of 
hypophyseclomized animals and various controls at weekly intervals 



Low calcium 


SERUM CALCIUM (lIGM.%) 


SO. RATS I 


SERUM IXORGASJC 
PHOSPHATE (MGM.%) 


j Lowest Mean Highest Lowest Mean Highest 


Non-operated controls 



Parathyroidectomized 


Low calcium 

1-2 

6 

5.2 

6.0 

7.7 

12.0 

1 

Low calcium 

3 

6 ■ 

5.0 

6.1 

7.3 

12.5 

US 

Low calcium 

4 

6 

4.5 

54 

6.4 

13.5 

16.9 

Low calcium 

1-4 

IS 


5.8 


1 

14.3 



Hypophysectomized 



and Subbarow. Individual analyses were made on each rat in most instances. 
"When insufficient serum was obtained for this, analysis was occasionally done on 
pooled samples. Only occasionally was it not possible to obtain both calcium 
and phosphate values on the same animal. 

The experimental low calcium diet is one which causes marked parathyroid 
enlargement in rats of this age (9): Alcohol extracted beef fibrin, 1 20 per cent; _ 

1 Washed, ground and dried beef fibrin was generously supplied by Dr. J. D. Porsche, 
Chemical Research Department, Armour & Co., Chicago. It was extracted by refluxing 
with 95 per cent ethyl alcohol on the steam bath and filtered while hot to remove any vita- 
min D. 
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modified Wesson salts, 2 1.2; KH 2 PO.i, 1.8; carotene in oil, 0.1; Wesson oil, 1.9; 
rice bran extract, 3 5.0; cane sugar up to 100.0 per cent. This diet contains 
approximately 0.05 per cent calcium and 0.45 per cent phosphorus almost all 
of which is inorganic. The normal control diet has the same composition with 
the addition of 2.5 per cent CaC0 3 . It maintains normal parathyroid size in 
rats of this age (9). 

Results. The table shows that the serum calcium of the intact rats is only 
slightly lower after 4 weeks on the low calcium diet than that of the controls 
and that there is no significant differehce in the serum phosphates. In marked 
contrast to this, the paralhyroidcclomizcd rat has a serum calcium little more than 
half the normal and a serum phosphate about twice normal. This alteration 
has taken place before the end of the first week although it tends to become a 
little more marked in 4 weeks. In spite of this chemical evidence of severe 
hypoparath 3 r roidism, these rats seldom had manifest tetany. 

The hypophysectomizcd rats on the normal diet had a normal serum calcium 
and a significantly lower serum phosphate than the intact animals. We have 
previously observed this fall in serum phosphate in starved intact animals. It 
may be a non-specific effect of inanition. It is opposite to the change char- 
acteristic of hypoparathyroidism. The low calcium diet produced a very slight 
fall in the serum calcium of the hypophysectomizcd rats and no significant dif- 
ference in serum phosphate after four weeks. The hypophysectomizcd rats 
behaved exactly like the intact rats, therefore, in response to the low calcium diet. 

Finally, the effect of simultaneous hypophysectomy and parathyroidectomy is 
shown in the last group in the table. The animals withstood the double opera- 
tion well for the first few days but mortality in this group was high from 5 to 10 
days after operation. It was not found practicable to keep them under these 
experimental conditions for more than two weeks. Within this period of time 
they had a marked drop in serum calcium and an equally marked rise in serum 
phosphate. Their reaction Avas thus indistinguishable from that of the group 
simply parathyroidectomized. 

The a\ r erage serum protein concentration of 5 hypophysectomizcd rats kept 4 
Aveeks on the Ioav calcium diet Avas 5.25 per cent as estimated by the falling drop 
method. This is a small but significant fall compared to an average of 6.44 
per cent in 10 normal rats of the same age on a stock diet. The maintenance of 
a normal serum calcium is therefore not dependent on a rise in serum protein 
concentration in the hypophysectomized animals. 

Discussion. The functional adequacy of the parathyroid glands of the hypo- 
physectomized rat is Avell attested by their ability to maintain the serum, calcium 
and inorganic phosphate concentrations Avithin normal limits under the stress of a 
Ioav calcium diet. No difference has been found between rats hypophysectom- 
ized for four Aveeks and non-operated controls in this respect. At the same time 
the hypophysectomized rat has been sho\A-n to be highly susceptible to para- 

2 Modified to omit calcium and phosphorus salts. 

3 Galen “B”, containing vitamins Bi, B», Be, nicotinic acid, pantothenic acid, filtrate 
factor (The Galen Co., Inc., Berkeley, Calif.). 



PARATHYROID FUNCTION AFTER HYPOPHYSECTOMY 


191 


thyroid deprivation. Since it is known that the parathyroids of intact rats on a 
low calcium diet of this sort are greatly enlarged, it may be inferred that the 
parathyroids of the hypophysectomized rat possess a considerable functional 
reserve. 

These results cast a serious doubt on the existence of a direct physiological 
regulation of the parathyroid glands by the hypophysis analogous to the control 
exercised over the gonads. Other explanations may be invoked to account for 
most of the phenomena previously interpreted as evidence of such a function. 
The atrophy of the parathyroid glands in hypophysectomized animals, for ex- 
ample, is part of a generalized atrophy of organs in these animals (10). Baker 

(11) found no cytological disturbances in the atrophic parathj-roids of the hypo- 
physectomized monkej'. It has been suggested by Iioussay and Sammartino 

(12) that this atrophy was due to a generalized nutritional disturbance since it 
occurred also in their pancreatectomized dogs. It may be significant that our 
hypophysectomized rats have shown a progressive fall in serum phosphate. A 
reduction of serum phosphate by restriction of dietary phosphorus is accom- 
panied by atrophy of the parathyroids in rats (13). 

Conversely, it may be doubted that the parathyroid enlargement following the 
injection of hypophyseal extracts is necessarily the direct result of a specific 
hormonal stimulus. The parathyroid size is remarkably sensitive to dietary 
alterations and probably to other metabolic factors. It may be significant that 
very substantial increases in serum inorganic phosphate have been reported after 
the injection of some hypophyseal extracts (6, 14). The parathyroid enlarge- 
ment consequent upon renal failure with phosphate retention is a familiar phe- 
nomenon and the hyperphosphatemia produced by dietary means may be accom- 
panied by parathyroid enlargement even in the absence of hypocalcemia (13). 
It would be pertinent also to question the effect of an increase in general metabo- 
lism on parathyroid size. 

The facts up to this point might be explained on the assumption that hypo- 
physeal secretion increases the demand on the parathyroids. It is not so appar- 
ent how a rise in serum calcium following the injection of hypophyseal extracts 
could be explained on this assumption. However, this reaction has not been 
observed uniformly and the lack of simultaneous serum protein determinations 
restricts the interpretation of those results. The efforts made to prove that the 
reaction was mediated through the parathyroids (1) cannot be regarded as 
conclusive. 


SUMMARY 

Evidence has been presented that the function of the parathyroid glands is 
unimpaired in the young mature male rat deprived of its hypophysis. The 
hypophysectomized animal maintained its serum calcium and inorganic phos- 
phate concentrations within normal limits as well as the non-operated control 
even when subjected to the stress of a low calcium diet. In contrast, the hypo- 
physectomized-parathyroidectomized animal under the same conditions suffered 
a profound fall in serum calcium and rise in serum phosphate, quite like the 
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parathyroidectomized control. The significance of the parathyroid atrophy 
following hypophvscctom}’ and of the influence of anterior hypophyseal extracts 
on parathj’Toid size and serum calcium, reported by other investigators, has been 
discussed. 
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A new interest in the physiological effects of hypothermia on homeothermic 
animals has developed as a consequence of the work of Smith and Fay (cf. 1), 
which has shown that bodj r temperatures of the order of 24°C. can Ire maintained 
in human beings for some time without ill effects. That further reduction in 
body temperature would be unwise is suggested by various observations. Avail- 
able data indicate that non-hibernating mammals usually do not survive if their 
body temperature falls to a level of 15° to 20°C. Critical levels of hypothermia 
have been reported as about 13 to 16° for the rat (2); 20° for the rabbit (3); 16° 
for the cat (4) ; 14° (one case) for the monkey (5) and 22° for the dog (6). While 
the lethal level of hypothermia is thus fairly clear for the animals mentioned, 
the cause of death in the non-hibernating mammal on acute exposure to cold is 
not clear. It has been noted by several investigators that in the animal dying 
of hypothermia the heart continues to beat for some time after cessation of 
respiration (4, 5, 6). However, it is possible that the respiratory failure is 
consequent upon impaired circulation. It has been shown that a critical fall in 
arterial pressure occurs in the dog at about 22°C. (7). Anoxia so established 
would lead to failure of medullary and other nervous centers (cf. Gerard, 8). 
It is also possible that death is due to direct and irreversible effects of cold on the 
brain rather than to failure of the supply mechanisms such as respiration and 
circulation. The experiments reported here were designed to throw some light 
on tins latter possibility. Besides the work on excised brain, some measurements 
of respiration were also made on kidney cortex slices to see how this organ, which 
appears to have the highest metabolic rate of the several organs of the rat (9), 
would be affected by profound cooling. 

Methods. Five adult rats of the Slonaker-Wistar strain were used. They 
were killed by decapitation. Measurements of oxygen consumption and of 
anaerobic glycolysis were made by manometric methods, which have been de- 
scribed in previous communications (10). Procedures peculiar to the problem 
in hand were these. Oxygen consumption or anaerobic glycolysis was measured 
for an hour in a thermostat at 37.7° d= 0.01°C. The respirometers were then 
transferred to another thermostat maintained at 0.2° ± 0.02°C. Fifteen min- 
utes . were allowed for thermoequilibration, then readings were taken 'every 
fifteen minutes, as before, at this new and lower temperature level. In four 
experiments the respirometers were transferred back to the first thermostat (at 
37.7°C.) after one hour at 0.2°C. (75 min. if the thermoequilibration period be 

1 Supported by grants from the Markle Foundation and from the Fluid Research Fund 
of the Stanford University School of Medicine. 
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included). Again fifteen minutes were allowed for thermoequilibration and 
readings were taken for the ensuing hour. Jn one experiment, using cerebral 
cortex slices from one animal, respirometers were kept in the cold bath at 0.2°C. 
for periods of one, three, five, seven and twenty -four hours before being restored 
to the warm bath. Points to note are that the rates of cooling and rewarming 
were kept constant and that the duration of exposure to cold was constant with 
the exception just described. 



Fig. 1-A. Graph showing the total oxygen consumed, in cubic millimeters, N. P. T., 
per milligram dry weight by kidney cortex slices as a function of time and temperature. 
O = control. Total oxygen consumed. Temperature constant at 37.7°C. A = experi- 
mental. Total oxygen consumed. Temperature changed as indicated by arrows. A: 
experimental vessels transferred to 0.2°C. B: end of thermoequilibration period at 0.2°C. 
C: experimental vessels returned to 37.7°C. D: end of thermoequilibration period at 
37.7°C. 

Fig. 1-B. Graph showing total oxygen consumed and total carbon dioxide produced 
(anaerobic) in cubic millimeters, N. P. T., per milligram dry weight, by rat cerebral cortex 
slices as a function of time and temperature. O = control. Total oxygen consumed. 
Temperature constant at 37.7°C. A = experimental. Total oxygen consumed. Tem- 
perature changed as indicated by arrows. • = control. Anaerobic glycolysis. X = 
experimental. Anaerobic glycolysis. A, B, C, D, same as in figure 1-A. 

When results are given as rates (differential curves) they are expressed in cu. 
mm., N.P.T., of oxygen (respiration) or of carbon dioxide (anaerobic glycolysis) 
consumed or produced per mgm. dry weight per hour (Qo„ and Qq 5 respectively). 
"When given in terms of total gas consumed or produced as a function of time 
(integral curves) the units on the Y-axes are cu. mm. gas, N.P.T., per mgm. 

diy weight. . 

Results. 1. Kidney cortex . 1 It is shown in figure 1-A that the respiration ot 

rat kidney cortex slices drops to a very low level at 0.2°C. This level is fully 
established at the end of the fifteen minute equilibration period and does not 
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change, within the limits of error of our measurements, for the ensuing hour. 
When the tissue is returned to the bath at 37.7°C. there is complete recovery of 
the capacity for oxygen consumption. In fact, the respiration of the rewarmed 
tissue is at a somewhat greater rate than that of the control which was not re- 
frigerated. This is perhaps attributable to a decreased catabolism of respira- 
tory catalysts as well as of other substrate at the low temperature. 

2. Brain cortex, a. Oxygen consumption. It is shown in figure 1-B that there 
is very complete recovery of the respiratoiy capacity of rat cerebral cortex 
slices after a period of one hour at 0.2°C. (with 15 min. periods for equilibration). 
Again, the rate of oxygen consumption is quite constant at the low temperature. 
However, when the time of exposure to 0.2°C. is lengthened there is progressive 
diminution in the recovery of oxidative capacity. Thus, after periods of one, 
three, five, seven and twenty-four hours at 0.2°C., the values of Q 02 obtained 
during one subsequent hour at 37.7° were 8.50; 7.75; 7.35; 7.22 and 4.43 re- 
spectively. The control value (first hour at 37.7°) was 9.07 (each of these values 
is the mean of determinations run in duplicate). In every case the values of 
Qo 2 were constant at the levels given for the one hour after rewarming during 
which readings were made. 

b. Anaerobic glycolysis. It is shown in figure 1-B that recoveiy of the capacity 
for anaerobic gfycolysis after one hour at 0.2° can be regarded as complete. In- 
sofar as these data are concerned, there is no evidence that anaerobic glycolysis 
is more liable to damage by cold than respiration. It is interesting that the 
same “preservation” effect obtained with kidney cortex respiration is obtained 
here. Thus the rate of anaerobic glycolysis after rewarming, which is during 
the third hour of the run, is about that of the control during the second hour at 
37.7° and definitely greater than the rate of the control during the third hour 
at 37.7°. 

Discussion. As far as we know, neither the respiration and anaerobic 
glycolysis of mammalian cerebral cortex slices nor the respiration of mammalian 
kidney cortex slices have previously been measured during and after exposure 
to a temperature as low as 0.2°C. There are data on the respiration of minced 
rat brain over the temperature range 25° to 45°C. (11) and on rat cerebral cortex 
slices over the range 5° to 42°C. (12). The only other mammalian cell species 
for which we have found similar observations in the literature is sperm. Chang 
and Walton (13) have shown that if the temperature of a suspension of ram sperm 
be lowered gradually (5°C. stages with an interval of two hours at each stage), 
the cells can be cooled to 1°C. and kept at this level for twenty-four hours without 
loss in respiratoiy capacity. Using other criteria of recovery than regained 
respiratoiy capacity it has been shown that a certain percentage of mammalian 
sperm can survive exposure to much lower temperatures (14, 15). In view of the 
findings of Chang and Walton (13), it is possible that the reduction of Qo« ob- 
served in our twenty-four hour run would not have occurred if the cooling had 
been more gradual. 

However, it is shown by our experiments that rat cerebral cortex slices can 
recover their initial capacity for oxygen consumption and for anaerobic glycolysis 

after an hour of exposure to a temperature of 0.2°C. even when the cooling and 

/ 
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rewarming are so rapid that they are complete in fifteen minutes or less. This 
temperature is far below the lethal level for the intact rat, which is about 13° 
to 1G°C. (2). If respiration of the brain as a function of temperature follows the 
same course in vivo and in vitro , and if recovery of a normal level of oxygen con- 
sumption implies recovery of other functions of the brain, then it follows that 
death of the intact rat in acute severe hypothermia is not attributable to direct 
and irreversible action of cold on the brain but rather to failure of the supply 
mechanisms, circulation and respiration. Irreversible damage in the intact 
animal is probably due to anoxia of the central nervous system resulting from 
this failure. In contrast to this picture of failing oxygen and nutrient supply to 
the brain in vivo at low body temperatures stands the continued adequacy of the 
supply of oxygen and glucose to the tissue slices in the respirometer vessels. 
Thus it is that the intact rat dies at 13° to 1G°C., while the cerebral cortex slice 
in the respirometer does not show impaired oxidative capacity even after an 
hour at 0.2°C. 


SUMMARY 

1. The rate of oxygen consumption of rat kidney cortex slices, measured for 
an hour at 37.7°C., then for an hour at 0.2°C., was restored to the initial level on 
rewarming to 37.7°. The periods of cooling and of rewarming did not exceed 
fifteen minutes each. 

2. The rates of oxygen consumption and of anaerobic glycolysis of rat cere- 
bral cortex slices, determined under the conditions described above, also showed 
full recovery on rewarming. 

3. When the duration of the period of exposure of brain slices to 0.2°C. was 
increased to three, five, seven and twenty-four hours, there was progressive 
decrease in the rate of oxygen consumption regained on rewarming. 

4. The significance of these observations in relation to the death of non- 
hibernating mammals from acute hypothermia was discussed. 
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Sulfanilamide is eliminated from the mammalian body almost entirely through 
the urinary excretor}" system. It appears in the urine of most mammals in two 
forms. One is the “free” or uncombined form and the other is the “conjugated” 
or combined form. Combined sulfanilamide has been shown to be acetylsulfanil- 
amide (1). Stewart and collaborators (2) have shown that in the rabbit this 
acetylation takes place in the liver. 

At the present time there are few data available concerning the mechanism b 3 ' 
which the kidne 3 r excretes sulfanilamide. Marshall and co- workers (3) have 
studied the mode of excretion of this compound in dogs by comparing its renal 
clearance with the simultaneous clearance of creatinine. Their studies suggest 
that sulfanilamide is filtered through the glomerulus and partially reabsorbed, 
through the tubule. During the course of a study on the excretion of urea and 
urea derivatives, Nichols and Herrin (4) obtained sulfanilamide clearances which 
b 3 r similar interpretation would lead to essentially the same conclusions as those of 
Marshall and co-workers. Stewart and associates (5) using a modified clearance 
technique on humans, and Marshall and co-workers (3) using dogs, found that 
acetylsulfanilamide has a considerably higher clearance than does the free drug. 

The present stud 3 r is concerned with the mechanism by which the kidney of the 
rabbit excretes sulfanilamide and acet 3 r lsulfanilamide and the factors which in- 
fluence the excretion of these compounds. The method used involves comparing 
the renal clearance of these drugs with the simultaneous clearance of one or more 
compounds the mechanism of excretion of which has been established. 

Methods. Five full grown male rabbits were used in this stud}". The ani- 
mals were fasted for at least eight hours previous to each experiment, but the}' 
were allowed to drink water as desired. 

The unanesthetised animal was tied on his back on the animal board and a 
number 18 or 20 plain rubber catheter was inserted in the bladder. It remained 
in the bladder throughout the experiment. The drugs used were either sulfanila- 
mide or acetylsulfanilamide plus inulin, creatinine and diodrast. 3 The}' were 
dissolved in 0.9 per cent saline so that the concentration of the compounds was 
about 400 mgm./lOO cc. each of sulfanilamide or acetylsulfanilamide, creatinine 

1 This study was made in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy by T. A. Loomis. 

5 This investigation was aided by a grant from the Junior Board of the Buffalo General 
Hospital. 

3 The diodrast used in this work was kindly furnished by the Winthrop Chemical 
Company. 
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and inulin, and about 75 mgm./lOO cc. of diodrast. This solution was admin- 
istered to the rabbit by gravity through a hypodermic needle inserted in a 
marginal car vein. The rate of administration of the fluid was controlled by a 
screw clamp on the rubber tubing below a glass drip indicator. In order to 
obtain rapidly a desired concentration of the drugs in the blood, the infusion was 
allowed to run into the vein at a rate of about 5 cc. per minute for ten minutes. 
Following this a rate of approximately 1 cc. per minute was maintained through- 
out the remainder of the experiment. 

At the end of the rapid infusion period, the bladder was washed with 20 cc. of 
warm normal saline by means of a syringe attached to the end of the catheter. 
In exactly 30 minut es the bladder was washed again and the washings were added 
to the urine formed during the 30-minute period. This was repeated at the end 
of a second 30-minutc period so that two clearance periods were obtained in eacli 
experiment. A blood sample was taken at the midpoint of each period by intra- 
cardiac puncture and was immediately centrifuged. Potassium oxalate was 
used in a few of the experiments, but heparin was the anticoagulant usually 
employed. 

All chemical analyses were carried out on a common protein-free plasma 
filtrate. The filtrate was prepared according to the second zinc sulfate-sodium 
hydroxide method of Somogyi (6). The drug levels were determined in the 
plasma filtrates and the urine samples by the same methods. Sulfanilamide 
and acetylsulfanilamide were determined by the method of Bratton and Marshall 
(7), inulin by the method described by Hubbard and Loomis (8), creatinine ac- 
cording to Langley's method (9), and diodrast by Alpert’s method (10). It was 
found that recoveries of added inulin, creatinine, sulfanilamide and acetylsulf- 
anilamide from plasma were identical whether the filtrate was made with Somo- 
gyi’s agents or with the precipitating agents originally suggested by the authors 
of the various methods. It was also shown by appropriate experiments that the 
presence of all of these drugs in a common plasma filtrate in the concentration 
used in the experiments did not interfere with the determination of any one 
of them. 

The clearance of the drugs was calculated according to the formula UV/P, 
where U and P equal the respective urine and plasma concentrations of the 
drag, and V equals the urine flow in cubic centimeters per minute. 

Results. The results of 14 periods in which the clearances of sulfanilamide, 
creatinine, inulin and diodrast were determined simultaneously are summarized 
in table 1. In ten of these periods sulfanilamide was injected and in four periods 
acetylsulfanilamide was injected and the determinations were based on measur- 
able amounts of free sulfanilamide formed in the animal. Table 1 also summar- 
izes the results of 28 simultaneous clearance periods of acetylsulfanilamide, 
creatinine, inulin and diodrast. Nineteen of these periods were obtained after 
administering preformed acetylsulfanilamide and 9 after it was formed by the 
animal from sulfanilamide. The mean clearances of acetylsulfanilamide and 
creatinine are almost identical (4.9 and 4.8 cc. per min. respectively). Al- 
though the mean clearance of inulin (3.9 cc. per min.) is lower than that of 
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either of the two former compounds, statistical analysis of the series reveals that 
the mean clearance of inulin is not significantly different from the mean clearance 
of creatinine or acetylsulfanilamidc. 

The clearances of both sulfanilamide and acetylsulfanilamidc arc independent 
of the urine flow which varied in the experiments from 0.2 to 1.2 cc. per minute. 
The clearances of these two compounds are also independent of their plasma 
concentrat ions, and it was shown that the rate of excretion (urine concentration 
times urine flow) of both of these drugs increased when their plasma concentra- 
tion is increased. During t he course of the study the plasma concentration range 
of sulfanilamide was 1 to 25 mgm. per cent and of a c e ty Is u 1 f a n i 1 a m i d e was 0.1 
to G.O mgm. per cent. 

Discussion. Marshall and associates (3) have shown that sulfanilamide is 
filterable through membranes which are impermeable to the plasma proteins and 
this has been confirmed in this laboratory. However, there is some evidence 
that about 20 per cent of the sulfanilamide present in normal plasma is bound to 
the plasma proteins (1 1 , 12). This would leave only SO per cent of the drug free 
to pass through the glomerular membrane. The observed differences between 
the clearances of inulin or creat inine and sulfanilamide (the ratio of the inulin or 
creatinine clearance to the sulfanilamide clearance is approximately 3 to 1) is 
much too great to be explained by the presence of a non-filtcrable fraction of the 
magnitude reported. Since the renal clearance of inulin is generally accepted as 
a measure of the glomerular filtration rate in all mammals in which this has been 
studied, and since Kaplan and Smith (13) found that the creatinine and inulin 
clearances arc identical in the rabbit, the observed rat io of the inulin or creatinine 
to the sulfanilamide clearances suggests that sulfanilamide passes through the 
glomerular membrane and is partially reabsorbed through the tubule from the 
glomerular filtrate. 

During the course of this study it was found that the rabbits were not only 
able to acetylate sulfanilamide but they were also capable of hydrolysing acetyl- 
sulfanilamide after its administration. The} r were not all able to hydrolyse 
it to the same extent, consequently some plasma analyses showed only traces of 
the free drug. Four clearance periods were obtained when it was formed follow- 
ing administration of the conjugated drug, and the mean clearance of sulfanila- 
mide in these four periods (2.3 cc. per min.) was about the same as the mean 
clearance obtained (1 .8 cc. per min.) when the free drug was given directly. 

In order to interpret the data which was obtained on aeetylsulfanilamide it 
was necessary to devise an experiment to determine whether this compound will 
pass through the glomerular membrane. The following experiment was done: 
acetylsulfanilamidc was added to fresh rabbit plasma and the solution was fil- 
tered under reduced pressure through a sheet of number 600 cellophane. Re- 
peated determinations showed that the filtrate was protein-free and contained 
acetylsulfanilamidc in the same concentration as the plasma. These results 
which were similar to the results of Marshall et al. (3) upon sulfanilamide suggest 
that aeetylsulfanilamide in blood plasma can be filtered through the glomerular 
membrane. The ratio of the mean clearance of acetjdsulfanilamide to that of 
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creatinine and inulin was found to be 1.02 and 1.24, respectively. Therefore, if 
the creatinine clearance is accepted as a measure of the glomerular filtration rate, 
the clearance of acetylsulfanilamide is also a measure of that rate. Since evi- 
dence indicates that acetylsulfanilamide will pass through the glomerular mem- 
brane, these data may be interpreted as meaning that this compound is excreted 
solely by glomerular filtration. In addition the clearance of acetylsulfanilamide 
was found to be independent of the plasma concentration of the drug, and its rate 
of excretion increased with increases in the plasma concentration. These char- 
acteristics are true for any compound which is excreted solely by glomerular 
filtration. 

In a manner similar to that shown to be true for sulfanilamide, the mean 
clearance of acetylsulfanilamide was found to be essentially the same whether 
it was determined on the preformed compound (19 periods, average clearance is 

TABLE 1 


Comparison of simultaneous renal clearance periods 


PERIODS 

COMP. USED 

MEAN' AND P.E. OF MEAN 

MEAN DIFF.* 

P.E. OF DIFF. 

RATIO OF MEAN'S 



s 

1.8 ± 0.1 

S I = 

8.6 

S/I = 0.40 

14 


c 

G.O ± 0.3 

s c = 

11.8 

S/C = 0.30 


D 

26.1 ± 1.5 

C I = 

3.0 

C/I = 1.31 



I 

4.G ± 0.3 






AS 

4.9 ± 0.3 

AS C = 

0.3 

AS/C = 1.02 

9.9 < 


C 

4.8 ± 0.2 

AS I = 

2.G 

AS/I =1.24 



D 

25.2 ±1.3 

Cl = 

2.4 

C/I = 1.23 


l 

I 

3.9 ± 0.2 





* In this study the following rule was used: If the mean difference between two columns 
of figures is 4 or more times the probable error of the difference, this difference is not due to 
chance but the two means are significantly different. 

I = inulin; C = creatinine; D = diodrast; S = sulfanilamide; AS = acetylsulfanilamide. 

4.6 cc. per min.) or on the compound formed in the animal from sulfanilamide 
(9 periods, average clearance is 4.9 cc. per min.). 

The diodrast clearance may be used as a reasonably accurate measure of the 
plasma flow to the kidneys if the plasma concentration of the compound is 
maintained below a level at which its clearance becomes self depressed (14, 15, 
16, 17). The plasma levels were below 8.4 mgm./lOO cc. in all experiments in 
this series. The diodrast clearances at the highest levels attained are in the same 
range as the clearances obtained when the plasma levels of this compound were 
1.0 to 2.0 mgm./lOO cc. Thus it appears that the diodrast clearances at the 
highest plasma levels used in this study were not significantly'- depressed. The 
mean clearance of diodrast was found to be approximately 25 cc. per minute. 
The glomerular filtration rate as determined by the creatinine, inulin or acetyl- 
sulfanilamide clearance was approximately 4 to 5 cc. per minute. This means 
that about one-fifth of the volume of blood plasma delivered to the rabbit’s 
Icidnev passes through the glomerular membrane and forms the glomerular 
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filtrate, a figure which is comparable with the proportion of plasma filtered in the 
dog’s kidney as reported by Van Slvke and associates (18). 

An attempt was made to determine whether the presence in the plasma of any 
one of the compounds used in these experiments either increased or decreased the 
clearance of any of the others. During the course of this study eight clearance 
periods were obtained in which either two or three of the usual four compounds 
were given to the animal. In these periods it was found that the clearances 
were not significantly different from those obtained when all four of the com- 
pounds were administered. Thus in these experiments it does not appear that 
any one of the compounds, in the concentrations which were used, materially 
influences the clearances of the others. 

SUMMARY AND CONCLUSION 

1 . In rabbits the clearance of sulfanilamide was found to be 30 to 40 per cent 
of the simultaneously determined clearance of creatinine and inulin respectivel\ r . 
This together with evidence based upon ultrafiltration experiments which indi- 
cate that sulfanilamide will pass through the glomerular membrane is inter- 
preted as meaning that sulfanilamide is filtered through the glomerular mem- 
brane and partially reabsorbed from the glomerular filtrate. 

2. The clearances of acetylsulfanilamide and creatinine were found to be almost 
identical. Furthermore, the clearance of neither of these compounds differed 
significantly from the clearance of inulin. This together with evidence based 
on filtration experiments suggesting that acetjdsulfanilamide is free to pass 
through the glomerular membrane is interpreted as meaning that acetylsulfanila- 
mide is excreted by the rabbit solely by glomerular filtration. 

3. The clearances of sulfanilamide and acetylsulfanilamide in this stud3 r were 
found to be independent of their plasma concentration as well as the urine flow. 
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Injury to the surface of the mammalian heart produces deviation of the S-T 
segment of the electrocardiogram, the direction of which depends upon the 
location of the injury. Injury to the right ventricle causes a depression, and 
injury to the left ventricle an elevation of the S-T segment with reference to the 
diastolic base-line. The extent of the injury determines the degree of elevation 
or depression (1). 

Consideration of the probable explanation of this phenomenon led to a series 
of experiments based on the following assumptions. 

1. Injury to the surface of a ventricle leads to the production of an injury 
potential. 

2. The direction in which the injury potential is oriented in relation to the 
leads, and consequently its effect upon the leads, depends upon the orientation in 
space of the injured region. 

3. Since the injured surface is in the negative field of the injury potential and 
the rest of the heart in its positive field, the anatomical relationships would neces- 
sitate that the current of injury would cause a downward deflection of the string 
when the injury is on the left ventricle and an upward deflection of the string 
when the injur}”- is on the right ventricle. 

4. During systole the source from which the injury current arises becomes de- 
polarized, the injury current disappears and the string should return to the iso- 
electric level. Whether the source of the injury current is visualized as the result 
of a relative negativity of injured as compared to normal tissue or as the result of 
dipoles standing across the “membrane” of demarkation between injured and 
uninjured tissue, the electrical changes as they affect remote leads would be the 
same. 

The habit of considering the diastolic position of the string as the normal base 
line or the isopotential level has prevented investigation of this problem, as has 
also the difficulty of producing an injury to the heart in situ while the electro- 
cardiogram is being recorded. The following experiments were designed to 
circumvent this difficulty. 

Method. A string galvanometer was employed for these experiments, be- 
cause it will maintain a constant deflection in the presence of a constant po- 
tential. Instruments with condenser-coupled amplifiers obscure the phenom- 
enon because of the tendency of the beam to return to a center position despite 

1 Aided by a grant from the Fluid Research Funds, Yale University School of Medicine. 

= Department of Physiology and Pharmacology, University of Georgia School of 

Medicine. 

s Department of Physiology, McGill University. 
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the presence of constant potentials. Thirteen dogs were employed, prepared as 
previously described (1). 

Experiments of two types were performed. In the first, a small pledget of 
cotton wool wrung out in Ringer’s solution was placed at the apex of the left 
ventricle or over the conus of the right ventricle. A short segment of fine-bore 
rubber tube was led into the pledget, and the chest wound closed around it. The 
animal was placed so that the pledget was on the most dependent portion of the 
heart. Recording was begun of an electrocardiogram from lead II or III, and 
continued while 0.5 to 2.0 cc. of M/5 IvCl was injected rapidly into the pledge!. 
The regions studied are best represented in those leads. 

In the second type of experiment a small pledget (1-2 cm. in diameter), mois- 
tened in M/5 KC1, was placed on the apex of the left ventricle or on the conus of 
the right ventricle. Over it were placed in succession a silver-silver chloride disk 
electrode (1.0 cm. in diameter), a somewhat larger sheet of dry blotting paper or 
mbber dam, and finally a second silver-silver chloride electrode. The electrode- 
were connected by fine insulated wires to a switch, by means of which the insula- 
tion between the two plates could, in effect, be removed or applied at will. This 
was then done while the electrocardiogram was being recorded from lead II or 
III. The same type of experiment was performed on four animals in which an 
irreversible injury was produced by a burn at the left apex, and on five in which 
an infarct was produced by multiple ligation of vessels leading to the apex ol the 
left ventricle. 

Results. Figure 1 shows the results of application of M/5 KC1 to the sur- 
face of the left ventricle (A) and of the right ventricle (B). It can be seen that 
the actual deviation is that of the base-line, and that the S-T take-off remains at 
the original iso-electric line. Such fluctuations as are seen in the height of the 
S-T take-off are interpreted as resulting from respiratory and other changes in t he 
position of the heart. Injury to the right ventricle causes an upward deviation 
of the base-line, while injury to the left ventricle is followed by downward devia- 
tion of the base-line. 

Figure i , C and D, illustrates the results of the second series of experiments, in 
which insulation over an injured region was temporarily nullified by establishing 
the circuit between the plates inside and outside of the insulation. Shoit-cii- 
cuiting the insulation over a KC1 injury of the right ventricle produced an upvaid 
deviation of the base-line, and a “depressed” S-T take-off which actualh le- 
mained at the level of the former base-line (fig. 1 C). Restitution ol insulation 
was followed by return of the base-line to its former level and restoration of the 
normal S-T take-off. 

Nullification of insulation over a IvCl injury of the left ventricle pioducec a 
downward deviation of the diastolic base-line, and an “elevated S-T take-off 
which actually remained at the iso-electric level (fig. ID). 

Experiments with burned areas were performed only on the left \ enti ic e. 
The results were the same as those obtained with KCI on the left ) entiic e 
(fig. 2D). Circumvention of the insulation produced a downv aid delation of 
the base-line and an “elevated” S-T take-off, which in fact remained at the iso- 
electric level. Restoration of the insulation was followed by letuin of the e- 
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pressed base-line to its original level and the disappearance of the deviation 
in the S-T takc-olT. 



Fig. 1. A, B. July 31, 19-12. Dog, 7.5 kgm. Dial anesthesia. A. Animal on left side; 
1.0 ec. M/a KOI injected on to left ventricle. Lead III. B. Animal on right side; 2.0 ce. 
M/5 KOI injected on to right ventricle. Lead III. C, D. August 6, 1942. Dog, 7.0 kgm. 
Dial anesthesia. C. Pledget soaked in M/5 KOI on anterior surface of right ventricle. 
Insulation was short-circuited between arrows. Lead III. D. Pledget soaked in M/5 KC1 
on left ventricle near apex. Insulation was short-circuited between arrows. Lead III. 



Fig. 2. A,B,C. November 3, 1942. Dog 9.0 kgm. Dial anesthesia. Infarct on posterior 
surface of left ventricle near apex. A. Small infarct totally insulated by small insulation 
size of plates (2.0 cm. in dia.). Between arrows the insulation was short-circuited. B. 
Larger infarct not totally covered by insulation the same size as short-circuiting plates. 
Between arrows the insulation was short-circuited. C. Large infarct totally covered by 
insulation much greater in area than the short-circuiting plates. Between arrows the 
insulation was short-circuited. D. September 9, 1942. Dog, 8.0 kgm. Dial anesthesia. 
Insulation of burned area on left apex 1.5 cm. in diameter. Between arrows the insulation 
was short-circuited. All records are lead III. 

Figure 2 A illustrates the result of short-circuiting ancl restoring insulation over 
an area of infarction at the left apex produced by ligation of coronary arteries. 
It can be seen that an injury potential is present in myocardial infarction and is 
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identical with that, produced by injury with KC1 or burning. The S-T take-off 
is “elevated” only because the diastolic base-line is depressed. Actually, the 
S-T take-off remains at the original isopotential level. 

It was noteworthy that, whenever the insulation was short-circuited, or 
restored, during the S-T interval, no displacement of the string occurred. If the 
insulation was short-circuited at this time, the base-line was displaced only at the 
end of T. We have records of 10 experiments, of which figure 2A is an illustra- 
tion. Injury was produced by infarction (-1 eases), burning (3 cases) and po- 
tassium (3 eases). In no instance was there a change in the tracing coincident 
with the shunting in or out of the insulation during the S-T period. No current 
is being generated at the site of injury and whether the insulation shields this 
region or not can make no difference. Figure 1C is not. an exception for the 
reason that recovery had already begun. 

Whether a positive phase of the action potential exists, whether injury is neces- 
sary to show it and what the conditions are that make it most manifest, are ques- 
tions on which t he present experiments throw no certain light. Ideas on the .sub- 
ject are confused. Some work indicates that an injured region of the ventricle 
becomes quite as positive during activity as it is negative during diastole (2). 
Other experiments performed in a similar fashion indicate that the injured 
muscle is very much more negative at rest, than it. is positive during activity 
(3, fig. 1). Still other work has it that the region of injury (partial potassium 
depolarization) is negative during rest, and iso-electric during activity (4, p. 43). 

If the injured region comes into the positive field of action potential during 
systole and is in the negative field during diastole, it. is difficult to see why current 
in the ordinary leads would not reverse completely from systole to diastole in- 
stead of being essentially monophasie. Except for the superimposed QRS de- 
flections the string seems to vary from the iso-clcctric level in one direction only 
in any single experiment. 

There are apparent exceptions to this rule, as indicated by the following. A 
large quantity of KOI was infused on to a cotton pledget, laid at the apex of the 
left ventricle, while, the electrocardiogram was being recorded (10-20 cc. instead 
of 0.5-1 .0 cc.). The S-T take-off was then oft en above the original isopotential 
line instead of at the same level. Possible explanations are: 1, that injury was 
sufficient to produce a positive injury action potential; 2, that the potassium 
solution, spilling generously over the intrathoracic organs, induced injury cur- 
rents that were not quenched by the systolic depolarization of the heart muscle ; 
3, that partial injury was produced in other regions of the heart beyond those 
more completely injured in which depolarization was incomplete but which 
failed to respond to excitation. 

A second set of circumstances gave similar appearances (fig. 2C). A large 
area of the left ventricle was injured by infarction or by application of IvCl. 1 he 
injured area was shielded by a large insulating layer, so that the expected S-T 
“elevation” was slight or absent. The plates used to short-circuit the insulation 
were smaller than insulation or the injured area. When these plates were con- 
nected, the S-T t ake-off was above what it had been before. This may be taken 
as evidence for a positive injury action potential or ma} r more simply be due to 
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the fact that when the plates were connected the injury current spread to the 
leads from a different and more concentrated source than would have been the 
case if the plate electrode had been co-extensive with the injury. 

■When a large injured area is partly covered by a sheet of insulating material of 
relatively small area, the injury current is not wholly shielded from the leads and 
the S-T segment is “elevated.” If two plates just covering the two sides of the 
insulation are connected and the insulation thus eliminated, the S-T segment re- 
mains at exactly the same level and has the same contour as it had before. The 
injury current can flow more freely now during diastole and the diastolic parts of 
the record are lowered (see fig. 2B). The fact that variations in the resistance 
to current flow make no difference in the systolic parts of the curve is compatible 
with the view that no current flows from the injured region to the leads during 
systole. 

Discussion. These experiments establish the fact that injury to the surface 
of the heart produces a persistent displacement of the diastolic base-line of the 
electrocardiogram. This displacement is upward when the right ventricle is 
injured and downward when the loft ventricle is injured. Results of previous 
experiments in which potentials of known polarity were impressed across the 
heart between the right and left ventricles have demonstrated that, when an 
electrode at the surface of the right ventricle is made negative with respect to an 
electrode at the surface of the left ventricle, there is.an upward displacement of 
the beam, while negativity at the left ventricular electrode causes a downward 
displacement of the beam (5). It can therefore be inferred that the persistent 
diastolic deviation of the string in the present experiments is due to the estab- 
lishment of a persistent potential so oriented that the injured regions are in the 
negative field and the uninjured parts are in the positive field. Whether this 
injuiy current flows between closely placed dipoles at the boundary of injured 
and non-injured tissue or between the surfaces of the right and left ventricles, the 
deviation of the string recorded in the lead studied would be expected to be the 
same. 

During systole the injury current disappears, as is shown by the return of the 
string to the original base-line, and by the absence of displacement of the string 
when insulation is short-circuited during the S-T interval. At the end of systole 
the injuiy current appears. Tliis disappearance and reappearance of the current 
of injury describes a monopliasic curve upon which are superimposed the QRST 
deflections which result from the activity of normal cardiac muscle. 

The S-T take-off therefore occurs at the iso-electric level, indicating at this 
point the abolition or equalization of potential differences in the portions of the 
heart represented in the lead studied. 

“Elevation” of the S-T segment means in reality, therefore, the depression of 
the diastolic base-line by a current of injuiy resulting from injury to the left 
ventricle. 

“Depression” of the S-T segment denotes the elevation of the diastolic base- 
line by a current of injury resulting from injuiy to the right ventricle. The 
degree of displacement is an index of the degree or extent of injury. 

Whether the agent producing the injuiy be KC1, a burn or a myocardial in- 
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farct, the nature and direction of the injury current are the same. Whether the 
injury is extremely superficial, as with KC1, or whether it is deep, as with thermo- 
coagulation or an infarct, is likewise without influence on the resulting deviation. 

Other factors than the presence of an injury current may give rise to a devia- 
tion of the S-T take-off. Examples may be found in electrocardiograms of 
bundle-branch block, tachycardia, digitalis intoxication and ventricular ectopic 
beats. In these circumstances terminology may be more clear if we speak of this 
situation as a superimposition or fusion of QRS and T, rather than deviation of 
the S-T segment, preserving the latter term for the above described function of 
the injury current. Differentiation into these two categories should not be 
difficult except where both phenomena occur together. 

These observations permit a more complete statement of a standpoint which 
has been taken in earlier papers of this series. It was hypothesized that potas- 
sium suppressed electrical activity on the surfaces where the matei'ial was spread, 
and that the resulting monophasic deflection was due to the activity of the un- 
injured portion of the heart. It is now evident that the potassium or other injury 
suppresses the phasic activity of the injured tissue and produces an injury cur- 
rent. The monophasic deflection is due to suppression of this current, by the 
activity of tissue which remains capable of phasic response. It is possible that 
the injury current is quenched only as the whole heart becomes depolarized, but 
there is no evidence in the present experiments contrary to the idea that the 
injury current is produced by dipoles standing across the demarkation “mem- 
brane” which separates injured from uninjured tissue and that the process of ex- 
citation depolarizes this “membrane” locally. 

CONCLUSIONS 

1. Injury to the right ventricle causes an upward displacement of the diastolic 
base-line in the three standard leads of the electrocardiogram. Injury to the 
left ventricle produces a downward displacement of the diastolic base-line. 

2. During systole there is a return of the string to the isopotential level which 
constitutes the S-T segment. 

3. In reality, therefore, elevated S-T segments must be interpreted as due to 
an injury potential resulting from left ventricular damage, which produces in the 
electrocardiogram a downward displacement of the diastolic base-line. 

4. Depressed S-T segments must be interpreted as due to an injury potential 
resulting from right ventricular damage, which produces in the electrocardiogram 
an upward displacement of the diastolic base-line. 
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In an earlier paper (Holt, 194.1) it was shown that in the anesthetized dog in 
the supine position peripheral venous pressure is not a function of right auricular 
pressure when right auricular pressure is decreased. Evidence was presented 
that this is due to the fact that when right auricular pressure is decreased the 
veins become partially collapsed just before entering the chest, increase the re- 
sistance to the flow of blood along the veins, and maintain peripheral venous 
pressure constant when right auricular pressure is decreased. 

Recentty Ryder, Molle and Ferris (1941) have stated that in most normal 
human subjects peripheral venous pressure is a function of tissue pressure and 
is independent of right auricular pressure. The experiments reported in this 
paper were performed in order to determine if peripheral venous pressure is a 
function of right auricular pressure in man. 

Methods and results. Venous pressure was measured in the antecubital 
vein by a modification of the direct method of Moritz and Tabora (1910) using 
0.85 per cent sodium chloride solution in the manometer system. In the supine 
position the venous pressure was referred to the level of the middle of the chest 
as zero (von Recklinghausen, 1906). In the sitting position the venous pressure 
was referred to the lower end of the sternum as zero. As eleven or more venous 
pressure determinations were made in each experiment, a slow continuous in- 
jection of saline was made between each venous pressure determination in order 
to prevent clotting. 

The subject breathed through a mouthpiece from a breathing chamber in 
which the pressure could be varied from twenty centimeters of water above to 
twenty centimeters below atmospheric pressure. The breathing chamber had 
a volume of approximately twenty-five liters. A continuous flow of fifty liters 
or more of air passed through the chamber each minute, in order to keep the 
air in the chamber about the same composition as that of room air. The pres- 
sure in the chamber varied around one centimeter of water with each respira- 
tion. The subject breathed from the chamber continuously, and whenever the 
pressure in the chamber was changed, one to three minutes was allowed before 
the venous pressure reading was made. 

Peripheral venous pressure was measured in eight subjects in the supine 
position, l>dng on a flat table, with the arm abducted to approximately forty-five 
degrees and held well below heart level. The subjects breathed from the cham- 

i A preliminary report of this work was given at the meeting of the American Federation 
for Clinical Research in Minneapolis, 1942. 
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ber in which the pressure was varied from fourteen centimeters of water above 
atmospheric to fourteen centimeters below. Figure 1 shows the results of a 
typical experiment. As the chamber pressure was increased, peripheral venous 
pressure increased and as the chamber pressure was decreased peripheral venous 
pressure decreased. There was a linear relationship between peripheral venous 
pressure and chamber pressure as shown in figure 1. It appears that when aii- 
under the above negative pressures was breathed there was no collapse of the 
veins and that peripheral venous pressure was a function of right auricular 
pressure. 

In three subjects the experiment was performed as described above with the 
exceptions that a maximum inspiratory effort lasting thirty seconds was made 
against a mercury manometer. In these experiments the intra-thoracic pressure 
was decreased below atmospheric bj r forty centimeters of water or more. The 
peripheral venous pressure fell seven centimeters or less during the first fifteen 
or twenty seconds and then started to rise. When these large negative intra- 


JtyVein above heart level 



Chamber pressure (cm. h o) > 



Chamber pressure (cm. H z o) 


Fig. 1 Fig. 2 

Fig. 1. The effect of changing the breathing chamber pressure on peripheral venous 
pressure in the supine subject. V.P., venous pressure. +, above atmospheric pressure. 
— , below atmospheric pressure. 

Fig. 2. Same as figure 1 but with the subject in the sitting position. 


thoracic pressures were developed, it appears that the peripheral venous pressure 
fell to a point where the veins became partially collapsed, and beyond this point 
peripheral venous pressure was independent of right auricular pressure. 

In three subjects the experiment was performed as described in the first group 
of experiments noth the exception that the antecubital vein was elevated to a 
point well above 'heart level. The peripheral venous pressure, referred to the 
heart as zero, was increased when the arm was placed in this position. This 
was due to the fact that the peripheral veins became partially collapsed (Lyons, 
Kennedy and Burwell, 1938; Holt, 1940). When the subject breathed ah that 
was under a negative pressure the peripheral venous pressure remained constant 
(fig. 1). Thus when the arm was elevated well above heart level it appears 
that the peripheral venous pressure was not a function of right auricular pres- 
sure because the veins became partially collapsed in the periphery. 

It was thought that with the subject in the sitting position the column of 
blood extending from the upper end of the thoracic cage down to the right auricle 
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would exert a negative pressure on the veins entering the upper end of the thor- 
acic cage and tend to collapse them. In order to determine if there was a partial 
collapse of the veins entering the upper end of the chest, venous pressure was 
measured in the antccubital vein of three subjects in the sitting position with 
the arm abducted to approximately forty-five degrees and resting on a board. 
The subject breathed from the chamber as in the above experiments. When 
air under positive pressure was breathed the peripheral venous pressure was 
increased, and when air under negative pressure was breathed the peripheral 
venous pressure remained constant (fig. 2). Thus it appears that when air 
under a negative pressure was breathed, there was a collapse of the veins between 
the point where the venous pressure was measured and the right auricle, and 
that peripheral venous pressure was not a function of right auricular pressure. 
Since, in the sitting position, the blood ran upward from the point in the vein 
where the pressure was measured to the upper level of the thoracic cage it would 
appear that there was not a collapse of the veins in the periphery but that the 
collapse occurred at the point where the veins enter the upper end of the chest. 

Discussion*. Since right auricular pressure was not measured in these experi- 
ments, there was the possibility that a change in intra-thoracie pressure was not 
associated with a change in right auricular pressure. However, since it has been 
shown in the dog that right auricular pressure is a linear function of intra- 
thoracic pressure (Holt, 1941), and since in the supine human with the arm held 
below heart level a rise in intra-thoraeic pressure is associated with a rise in 
peripheral venous pressure and a decrease in intra-thoracic pressure is associated 
with a fall in peripheral venous pressure, it would appear that intra-thoracic 
pressure changes are transmitted to the right auricle. 

Although it has been shown in the dog that peripheral venous pressure is not 
a function of right auricular pressure when right auricular pressure is decreased, 
the data presented here indicate that in man peripheral venous pressure is a 
function of right auricular pressure when the subject is supine and the arm is 
below heart level. This difference would appear to be due to the fact that in 
the supine dog right auricular pressure is atmospheric or slightly sub-atmos- 
pheric, while in man in the supine position the pressure in the right auricle is 
several centimeters of saline above atmospheric (Richards et al., 1942). As a 
result a small decrease in right auricular pressure in the dog causes the veins 
to become partially collapsed just before entering the chest, thus making periph- 
eral venous pressure independent of right auricular pressure. However, in man 
light auricular pressure may be lowered considerably before the pressure in the 
veins outside the chest becomes low enough to cause them to become partially 
collapsed, and until that point is reached peripheral venous pressure is a func- 
tion of right auricular pressure. 

When the aim is elevated several centimeters above heart level in the supine 
position the veins become partially collapsed peripherally because the pressure 
inside of them is less than that outside, and as a result changes in right auricular 
pressure do not cause a change in the peripheral venous pressure. With the 
subject in the sitting position the veins appear to become partially collapsed 
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at the point where they enter the upper end of the thorax and peripheral venous 
pressure is not a function of right auricular pressure. 

There is the possibility in those experiments where peripheral venous pressure 
remained constant when the intra-thoracic pressure was decreased that as a 
result of the decreased intra-thoracic pressure cardiac output was increased and 
the rate of flow of blood along the veins of the arm was increased, thus keeping 
the peripheral venous pressure constant. This is unlikely because in the supine 
position with the arm below heart level, the peripheral venous pressure decreased 
when the intra-thoracic pressure was decreased. 

SUMMARY 

Venous pressure was determined in the antecubital vein by a modification of 
the direct method of Moritz and Tabora in eight normal subjects who breathed 
from a chamber in which the pressure was varied from fourteen centimeters of 
water above to fourteen centimeters below atmospheric. In the supine subject, 
with the arm held well below heart level, the peripheral venous pressure de- 
creased Avhen air under negative pressure was breathed, and increased when air 
- under positive pressure was breathed. When the arm was held well above heart 
level, in the supine subject, the peripheral venous pressure remained constant 
when intra-thoracic pressure was decreased. In the sitting position the periph- 
eral venous pressure remained constant when the intra-thoracic pressure was 
decreased. 

In normal man, in the supine position with the arm well below heart level 
and abducted to forty-five degrees, peripheral venous pressure is a function of 
right auricular pressure. 
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The excretion of iodine in the saliva after the oral or parenteral administration 
of iodine compounds has received comparative!}’ little attention to date. In 
1929 Lipschitz (1) showed that in dogs, following the intravenous injection of 
sodium iodide in doses ranging from 20 to 50 mgm. per kilogram, the parotid 
saliva attained a concentration of iodine 5 to 7 times that of the blood. Even 
greater concentrations were observed in the gastric secretion. Barkan and Leist- 
ner (2) reported simultaneous!}’- that when an organic iodine compound “Jod- 
tropon” was fed to a dog, so-called “organic” iodine failed to appear in either 
salivary or gastric secretions In 1930, Lipschitz (3) showed that in dogs only 
minimal amounts of iodine appeared in the saliva or gastric juice after the 
intravenous administration of large doses of thyroxine He assumed that the 
small amounts of iodine secreted in these body fluids represented inorganic iodine 
gradually released from the circulating thyroxine. 

In 1931, Schneider and Widmann (4) found the concentration of iodine in 
human saliva to vary from 0 to 362 micrograms per 100 ml. Scheffer (5) also 
found the excretion of iodine in the saliva to be marked at times. Bruger, Hin- 
ton and Lough (6), however, found the iodine content of normal human saliva 
to vary between 3.5 and 24.0 micrograms per 100 ml. with a mean of 10.2 ± 5.1. 
Undoubtedly, some of the high figures for human salivary iodine heretofore 
published were obtained from subjects either ingesting or exposed to abnormal 
amounts of iodine. In a recent report, Flexner, Bruger and Member (7) demon- 
strated that in man, after the intravenous injection of sodium iodide, inorganic 
iodine is selectively concentrated and secreted by the salivary and gastric glands. 

Thienes and Hockett (8) studied the rate of intestinal absorption of potassium 
iodide in man after the subcutaneous injection of an extract of the posterior lobe 
of the pituitary. The time of appearance of measurable quantities of iodine in 
the saliva was used to determine the rate of absorption of iodide. Their results 
indicated that the appearance of iodine in the saliva was delayed 40 minutes 
after the injection of the pituitary extract. Heath and Fullerton (9), utilizing 
a spot test to detect iodine in the saliva, found that after the oral administration 
of 0.25 gram of potassium iodide to 8 normal subjects, iodine appeared in the 
saliva within 10 to 15 minutes. In 21 patients, all but two showed no detectable 
salivary iodine after 20 hours. They found the intestinal absorption of iodide to 
be delayed in a wide variety of clinical conditions including patients who had 
achlorhydria or who suffered from some disease process likely to condition a 
disturbance of the absorptive mechanism. 

1 Aided by a grant from the Thyroid Fund of the Thyroid Clinic, Departments of Medi- 
cine and Surgery, New York Post-Graduate Hospital. 
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Material and methods. The present studies were carried out on 10 normal 
subjects (usual hospital personnel) and on one patient with essential hyperten- 
sion. Persons assigned to surgery were uniformly excluded because of probable 
contact with iodine. Unless indicated, the experiments were done in the morn- 
ing after breakfast. Wide-mouthed bottles used to collect the saliva, after 
thorough cleaning, were rinsed with iodine-free distilled water. Each subject 
chewed a small amount of paraffin to insure an adequate flow of saliva; from 1 
to 5 ml. were collected at stated intervals. 

In the oral experiments, the iodine compound was administered in a gelatin 
capsule with particular precautions taken to insure that the outside of the cap- 
sule was not contaminated with iodine. Approximately 200 ml. of water was 

TABLE 1 


The iodine content of the saliva (mgm. per 100 ml.) of seven normal subjects following the 
ingestion of potassium iodide in amounts ranging from 50 to 500 mgm. 
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imbibed to wash down the capsule. The mouth was then rinsed with a dilute 
solution of alcohol. Potassium iodide, iodine dissolved in poppy seed oil, 2 
ethyl diiodobrassidate 3 and sodium tetraiodophenolphthalein were thus admin- 
istered. In the parenteral experiments, sodium iodide in aqueous solution was 
injected intravenously. The method of Trevorrow and Fashena (10, 11) was 
used throughout. 

Results. Experiments with iodides. Table 1 shows the salivary iodines of 
7 normal subjects before and after the oral administration of 50 to 500 mgm. of 
potassium iodide (38 to 380 mgm. of iodine). The maximal concentration of 
iodine in the saliva occurred in 1 to 2h hours after the ingestion of the iodide; 


2 Lipiodol (Fougcra). 

3 Lipoiodine (Ciba). 
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following 50 mgm. of potassium iodide it reached 700 times that of the control 
level and after 100 to 500 mgm. 1100 to 1200 times the initial salivary iodine. 
Abnormal amounts were still detected in the saliva 48 hours following the inges- 
tion of the iodide but after 72 or 96 hours normal values were usuall} r obtained. 

In one patient with essential hypertension, whole blood and salivary iodines 
were done before and at frequent intervals (total period of 48 hrs.) after the 
ingestion of 50 mgm. of potassium iodide (38 mgm. of iodine). Maximal con- 
centrations of iodine in both bod}' fluids were noted at the 2-hour period (0.126 
mgm. per 100 ml. of whole blood and 2.974 mgm. per 100 ml. of saliva) but 
augmented values persisted in the saliva for a longer time. The salivary /blood 
iodine ratio in the control period was 6 and reached a maximum of 28, 12 hours 
after the ingestion of the iodide. 


TABLE 2 


The iodine content of the saliva {mgm. -per 100 ml.) of 8 normal subjects following the 
intravenous administratioii of sodium iodide in amounts ranging from 
25 to 100 mgm. ( 22.J) to 89.6 mgm. of iodine) 
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Table 2 demonstrates the salivary iodines of 8 normal subjects before and after 
the intravenous administration of 25 to 100 mgm. of sodium iodide (22.4 to 89.6 
mgm. of iodine). The appearance of high concentrations of iodine in the saliva 
as early as 5 minutes after the injection was noted. In fact, the greatest concen- 
tration occurred at that time, then gradually tapered off but iodine was still 
present in the saliva in appreciable amounts two hours after the injection. 
Apparently, iodine was secreted in greater concentration in the saliva following 
intravenous injection than after the oral administration of an equivalent amount 
of iodide. 

Experiments with iodine dissolved in poppy seed oil. In six studies on four 
normal subjects, salivary iodines were determined before and at frequent inter- 
vals (total period of 168 hrs.) after the ingestion of a capsule containing 200 
mgm. of iodine dissolved in poppy seed oil. The increased values for salivary 
iodine were not unlike those obtained with equivalent amounts of iodine as 
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potassium iodide. Concentrations of iodine in the saliva as high as 5.0 or 6.0 
ingm. per 100 ml. were reached occasionally. In 3 experiments, no food was 
ingested for 14 hours prior to the investigation but this factor appeared to exert 
little influence on the concentration of iodine in the saliva. 

Experiments with ethyl diiodobrassiclale. In one normal subject, 123 mgm. of 
iodine as ethyl diiodobrassidate was ingested on three separate occasions (ade- 
quate intervals were allowed between experiments for the salivary iodine to re- 
turn to normal levels). The highest value for salivary iodine obtained was 
5.675 mgm. per 100 ml. In two of the three experiments, however, the maximal 
concentration did not occur until 5 or 6 hours after the ingestion of this 
compound. 

Experiments with sodium ietraiodoplienolphthalein. Two normal subjects in- 
gested a capsule containing 100 mgm. of sodium tetraiodophenolphthalein (55.2 
mgm. of iodine). Iodine in appreciable amounts failed to appear in the saliva 
for as long as 72 hours after the ingestion of the dye. 

Comment. The discrepancy’ between the present results and those of Heath 
and Fullerton (9) on the duration of the increased salivary iodine after the inges- 
tion of potassium iodide may be ascribed to the more accurate analytical proce- 
dure used in this investigation. It will be recalled that Heath and Fullerton used 
a spot test (the addition of ferric chloride and starch to saliva and noting the 
appearance of a blue color at the end of 20 min.) and observed that in almost 
all their subjects, iodine could not be detected in the saliva 20 hours after the 
ingestion of potassium iodide. Our results show that more than normal quan- 
tities of iodine may still be secreted in this fluid as long as 48 hours and occasion- 
ally 72 hours after the oral administration of an equivalent amount of iodide. 
This preferential secretion of iodine by the salivary glands sets up an internal 
circulation (“inneren Ivreislaufs”) (1)) since the iodine of swallowed saliva is 
absorbed from the intestinal tract and again finds its way into the saliva by way 
of the blood stream. 

The salivary glands are impermeable to iodine administered as sodium tetra- 
iodophenolphthalein. Assuming that these glands cannot secrete iodine in 
organic combination because of the increased molecular size of such compounds 
(2, 3), it would appear that tetraiodophenolphthalein fails to undergo cleavage 
in the body at least to the extent of releasing iodine in elemental form or in simple 
inorganic combination. In one patient with obstruction of the common bile 
duct, the saliva contained only 0.02 mgm. of iodine per 100 ml. whereas the whole 
blood attained a value of 2.10 mgm. per 100 ml. four days after the administra- 
tion of sodium tetraiodophenolphthalein for gall-bladder visualization. Of 
added interest may be cited the observations in a patient with a broncho-biliary 
fistula. Two hours after the administration of this dye, the whole blood showed 
a concentration of 12.78 mgm. per 100 ml. and the saliva (mixed with sputum 
and bile) contained 19.22 mgm. per 100 ml. Obviously, the liver in sharp con- 
trast to the salivary glands is able to secrete iodine compounds of appreciable 
molecular size. 

On the other hand, some organic compounds of' iodine may undergo fairly 
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rapid cleavage in the body. One may infer that the high salivary iodines noted 
after the ingestion of ethyl diiodobrassidate represents the release of iodine from 
the iodine-fatty acid complex, presumabl 3 r by the action of the intestinal lipases. 
The delayed maximal concentration of salivary iodine after the ingestion of 
ethyl diiodobrassidate would favor this concept. 

CONCLUSIONS 

1. Marked increases in the concentration of iodine in the saliva were noted 
in man after the oral administration of potassium iodide, iodine dissolved in 
poppy seed oil and ethyl diiodobrassidate. 

2. The maximal concentration of salivary iodine occurs in approximately 1 
to 2b hours after the ingestion of potassium iodide or iodine dissolved in poppy 
seed oil but may be delayed for 5 or 6 hours after the oral administration of 
ethyl diiodobrassidate. More than normal amounts of iodine in the saliva may 
still be detected as long as 72 hours after the ingestion of these substances. 

3. After the intravenous administration of sodium iodide, the maximal con- 
centration of iodine in the saliva occurs within 5 minutes. 

4. The iodine content of the saliva fails to increase after the oral administra- 
tion of sodium tetraiodophenolphthalein. 
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It is commonly accepted that arterioles and perhaps capillaries are maintained 
in a partially constricted state by vasotonic impulses which emanate from supra- 
segmental centers. The removal of this central influence and the consequent 
diminution of peripheral resistance and augmentation of the capacity of the 
peripheral vascular bed are employed to explain the initial state of hypotension 
which develops abruptly after division of the spinal cord at the 8th cervical level. 
The question has recently been raised whether the importance of normal vaso- 
tonic control is not greatly over-emphasized (1). From the evidence submitted 
by the latter investigators, it would appear more exact to attribute the hypotonic 
response in the spinal animal to a 'passive post-arteriolar dilatation of capillaries, 
venules and veins in consequence of the withdrawal of their extra-vascular 
skeletal muscle support. It is presumed that the capacity of these elastic venous 
structures is primarily regulated by skeletal muscle tone. In accordance with 
this interpretation, spinal section should lead to reduced skeletal muscle tone, 
passive dilatation and engorgement of capillaries, veins and venules, reduced 
venous return and right atrial pressure, impairment of ventricular filling and 
finally diminution of the stroke volume and thus a lowering of arterial pressure. 
It becomes a question then as to whether vascular or extra-vascular factors are 
the primary precipitants of this hypotensive response. 

The following studies were conducted to ascertain the changes in a, heart rate ; 
b, atrial and effective venous pressures; c, arterial pulse pressure; d, intrathoracic 
pressure, and e, the form of central arterial pressure pulses which are associated 
with the development of arterial hypotension in the acute spinal animal. 

Procedure. This study was conducted on 12 cats. To ascertain whether 
the removal of extravaseular support by rendering the skeletal musculature 
flaccid is an important feature in the hypotension which .develops in the supine 
spinal animal it was necessary to maintain essentially normal muscle tone for 
control observations. Hence, these cats were lightly anesthetized rvith pento- 
barbital so as to reduce sensory perception without seriously impairing skeletal 
muscle tone. The doses employed varied from 25 to 28 mgm. of pentobarbital 
per kilo of body weight. 

Operative procedures entailed preparation for simultaneous optical registra- 

1 At present in Department of Physiology, School of Medicine, Westfern Reserve Uni- 
versity, Cleveland, Ohio. 


217 



21S 


WIGGERS, GLASER, CANAVARRO AND TREAT 


tion of the central arterial (carotid), the atrial and intrapleural pressure curves. 
Arrangements were made to measure mean carotid pressures from a critically 
damped mercury manometer at regular intervals. A thin-walled stainless steel 
sound (bore 2.5 mm.) was employed for transmission of atrial pressure fluctua- 
tions to a sensitive optical membrane manometer. It was introduced via the 
right jugular vein until its tip rested either just inside the right atrium or at the 
junction of this chamber with the superior vena cava. It was also rendered pos- 
sible to read atrial pressure fluctuations as transmitted to a saline manometer at 
desired intervals. Intrapleural pressure changes were transmitted through a 
trocar fixed in the chest wall to another optical membrane manometer. Heparin 
was used systemically to prevent clotting in the atrial sound, thus eliminating 
the bizarre and unreliable atrial pressure curves which occur as a result of partial 
occlusion of the transmission system. 

Atrial pressures fluctuate almost continuously throughout the cardiac cycle. 
What point on the curve, then, represents the pressure most effective for the 
regulation of ventricular filling? One group of investigators have recently 
found that measurement of pressures at the peak of the a wave yielded the most 
consistent results in dogs (2). This method of measurement is unsatisfactory 
in cats, particularly when tachycardia is present, because the a wave is frequently 
masked or entirely absent. We have adopted the expedient of measuring the 
pressure prevailing just prior to the sudden decline of the V-wave of the venous 
pulse. Such a procedure seems advisable since this point is usually easily de- 
tected. It also conforms with the concept that the major portion of ventricular 
filling (rapid inflow phase) is governed by the “effective venous pressure” near 
the end of the isometric relaxation phase. This latter pressure, as defined by 
Henderson and Barringer, is the algebraic difference between atrial and intra- 
thoracic pressure just prior to the opening of the A-Y valves (3). Since there is 
a cyclic variation in these pressures coinciding with the respiratory cycles, it 
seemed advisable to measure atrial pressure only from those pulses which coin- 
cided with expiratory apnea and with the peak of inspiration. Since the depth 
of inspiration also varies from moment to moment, it was decided to utilize for 
discussion purposes only those atrial pressures measured during expiration. 
The latter remained relatively constant during control observations. 

A comparison of atrial pressure values obtained from precisely measured atrial 
pressure curves with the rough estimates derived from reading rapid saline 
manometer excursions convinced us that the latter values are very unsatisfactory. 
Expiratory values from the saline manometer were consistently too low. In- 
spiratory values were usually too high, though they occasionally equalled or even 
fell considerably below pressures measured from optical records. It has been 
our experience that saline manometer readings of atrial pressure cannot be re- 
lied upon to indicate either the direction or magnitude of a trend unless atrial 
pressure changes are extremely severe. In the latter instance, the accuracy of 
measurement is still unsatisfactory. 

The experimental procedure was as follows: After circulatory equilibrium had 
been established following all preparatory procedures, control records and pres- 
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sure readings were taken at five minute intervals for 25-30 minutes. The spinal 
cord was then transected by a method, devised by one of us, which eliminates 
the necessity of tissue exposure and laminectomy (4). The transection was al- 
ways at the 8th cervical level. Tins procedure required from three to five min- 
utes in different animals. Observations were then continued at regular inter- 
vals for one hour. At the end of this period, animals were sacrificed and the 
extent of the cord lesion determined. Those cords not cleanly severed were 
preserved and examined histologically at some later date. 

Results, (a) Control period. Skeletal muscle tone in these animals ap- 
peared to be reasonably normal. Attempts to passively flex and extend the 
extremities were opposed by considerable resistance. Spontaneous movement 
of the limbs was occasionally observed. In most of the animals, control respira- 
tion was eupneic in character. Cats 10 and 11 were hyperpneic and bordering on 
dyspnea, due it is believed to the incidence of pneumothorax incurred while or 
after inserting the intrapleural trocar. Hence, control atrial, intrapleural and 
effective venous pressures in these animals were abnormal and are not included 
in the data presented in this paper. It is noteworthy that these bizarre respira- 
tions did not alter the arterial blood pressure picture significantly with the re- 
sult that the arterial pressure changes in these animals are included with the 
others. At this stage of the experiment, the nictitating membranes were par- 
tially relaxed, a common observation in cats under light pentobarbital anesthesia. 

To conserve space, fairly representative results from only one of our 12 experi- 
ments are presented in table 1. The average trend of the fairly uniform events 
is depicted in graphic form in figure 1. In the latter, the direction, if not always 
the magnitude, of individual responses is accurately represented. A perspective 
of the average control values is presented in tabular form below: 


MM. OF HG 

1 

MM. OF SALINE 

H.R. 

S.P. 

1 

D.P. 

> 

M.B.P. 

IAP ! 

1 

1PP 

EVP 

INS. 

EXP. 

INSP. 

EXP. 

INSP. 

EXP. 

190 ] 

154 

• 

109 

129 

; 

-30 

+32 

-SI 

-26 

+51 

+5S 


Arterial pressures were well within the range of normalcy for pentobarbitalized 
cats. The atrial and effective venous pressures compare favorably with those 
previously reported as normal for barbitalized dogs (5). 

(b) Spinal transection period. With this blind spinal puncture technique the 
operations were completed within three to five minutes. During a portion of 
the procedure, as in other methods,, the spinal cord was mechanically irritated. 
As a result, arterial, atrial and effective venous pressures were abruptly elevated. 
Arterial pressures well above 200 mm. of Hg were observed in every animal. The 
systolic pressure was elevated to a much greater extent than the diastolic pres- 
sure, hence pulse pressures were greatly augmented. The heart rate was moder- 
ately retarded and on a few occasions momentary cardiac irregularities developed. 

(c) Primary post-operative phase. This phase is arbitrarily limited to the 
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period required for arterial blood pressure equilibrium, to be regained. It varied 
from 10-20 minutes in the different animals. During this time, arterial and 
atrial pressures descended from their artificially elevated levels, the former more 



Fig. 1 . Average responses of 12 cats whose spinal cord was transected at the 8th cervical 
level. H.R., heart rate; S.P., systolic pressure; mean blood pressure; D.P., 

diastolic pressure; I.A.P., intra-atrial pressure; I.P.P., intrapleural pressure, and E.V-P ■, 
effective venous pressure. 


TABLE 1* 


EXPERIMENT NO. 4 

CONTROL 

VALUES 

S' 

CHAN 

10' 

GES AFTE 

15' 

R TRANSt 

30' 

.CTION 

45' 

60' 

Heart rate (beats per minute) 

153 

120 

138 

135 

130 



Systolic pressure (mm. of Hg) 

170 

188 

152 

139 

130 

135 

125 

Diastolic pressure (mm. of Hg) 

120 

120 

98 

92 

82 

89 

S5 

Pulse pressure (mm. of Hg) 

50 

68 

54 

47 

48 

46 

40 

Mean blood pressure (mm. of Hg) 

134 



98 

80 

94 

90 

Atrial pressure (mm. of saline) 

35 

40 

30 

40 

60 

70 

60 

Intrapleural pressure (mm. of saline) . . 

-25 

-50 

-40 

-10 

-35 

-33 

* — So 

Effective venous pressure (mm. of 








saline) 

60 

90 

70 

50 

95 

103 

95 


* A copy of similarly tabulated results for all 12 experiments will be furnished on request. 
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rapidly than the latter. By the end of the ‘primary phase arterial pressures were 
fairly well stabilized at subcontrol levels. The pulse pressures rapidly ap- 
proached or assumed preoperative values. The form and slopes of the arterial 
pressure pulses were likewise unchanged generally. In cats 7 and 12, however, 
bizarre pulses developed which made the accurate measurement of pulse pres- 
sures impossible. As will be mentioned later, these two animals were probably 
in a state of irreversible circulatory shock. 

Atrial pressures descended slowly. By the end of the primary phase, they 
were again approaching stabilization at supra-control levels. In no instance did 
they fall significantly below their respective control levels. A similar course 
was followed by effective venous pressures. Intra-pleural pressures of the ex- 
piratoxy cycles were not appreciably altered by cord transection. The changes 
in the rate of respiration were neither of significant magnitude nor uniform in 
direction. 

(d) Secondary post-operative phase. This constitutes the remainder of the 
hour of post-operative observation. It varied from 40-50 minutes in duration. 
This was a period of minor changes with little apparent significance in this 
problem. Arterial pressures had not begun to approach control values by the 
end of this period. There are reasons for speculating that arterial pressure 
recovery was delayed bj r the use of a non-volatile anesthetic. When similar 
hypotensive responses were elicited in etherized or decerebrate cats, the degree 
of recovery was quite striking in many animals within the hour following spinal 
transection (6). 

(e) Miscellaneous post-operative findings. Skeletal muscles innervated behind 
the cord lesion were deprived of their pre-operative tone early in the primary 
phase, prior to the decline of arterial blood pressure. The hind limbs in partic- 
ular displayed a complete flaccidity. Preoperative tone in skeletal muscles in- 
nervated above the lesion was either retained or augmented as the experiments 
progressed. Respiration, originally costodiaphragmatic, was rendered purely 
diaphragmatic after cord section. In spite of this, intrapleural pressure relation- 
ships were not disturbed. It appears that diaphragmatic movements are alone 
capable of sustaining adequate pulmonary ventilation in the cat under these 
conditions. The nictitating membranes were completely relaxed after tran- 
section. 

Gross and histological examination of the injured cords yielded anatomical 
evidence that bilateral division of the spinal cord was complete in all save animal 
8. The latter appears to have undergone a right hemisection of the cord, even 
though its functional manifestations were similar to those observed in the 
other cats. 

Discussion. Arterial pressures in these lightly anesthetized supine cats be- 
gan to decline abruptly after spinal cord transection at the 8th cervical level. 
Circulatory equilibrium was again re-established at hypotensive levels within 
10-20 minutes ( primary phase). In all save two animals (7 and 12), these sub- 
control arterial pressures exceeded 70 mm. of Hg. There was no evidence that 
these animals suffered the condition of circulatory shock. Their pressure pulse 
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contours were essentially those observed during the control periods. It seems 
quite likely that these cats would have survived if the period of observation had 
been considerably extended. The situation in animals 7 and 12 was complicated 
by immeasurable hemorrhages which were associated with the operative pro- 
cedures. In these, arterial pressures dipped to “critical levels.” Arterial pres- 
sure pulses revealed “high systolic peaks” with little or no diastolic gradients, 
a type commonly encountered in hemorrhagic and shock-like conditions. It 
is suspected that these two animals would have become fatalities if the period 
of observation had been prolonged. Circulatory shock apparently does not 
occur as a result of spinal cord transection when mechanical trauma and hemor- 
rhage are curtailed to a minimum. 

The question arises as to which of the mechanisms involved in the main- 
tenance of normal arterial blood pressure are eliminated or impaired in the animal 
rendered acutefy spinal. It is believed that the relative importance of cardio- 
vascular as compared with extra-vascular mechanisms in sustaining normal 
pressures in the supine animal becomes evident after the various cardiodynamic 
events associated with the decline of arterial pressure during the primary phase 
are analyzed on the basis of established fundamental hemodynamic concepts. 
It is judged, a priori, that the hypotensive response to spinal transection was a 
manifestation of one or more of the following dynamic events; 1 , a diminution 
of arterial resistance, 2, a retardation of heart rate, 3, an impairment of ventric- 
ular stroke volume, and 4, an increase in the capacity of the system of Windkes- 
sel structures. 

Under controlled experimental conditions, events 1 and 2 favor a predominant 
lowering of diastolic pressure and hence an augmentation of pulse pressure. On 
the other hand, events 3 and 4 favor a diminution of the pulse pressure since 
systolic pressures are predominantly lowered. Any one of these events acting 
singly would alter pulse pressures significantly. It appears that several of these 
events were involved in a reaction in which systolic and diastolic pressures were 
reduced to approximately the same extent. 

Hemodynamically, the major portion of the diastolic pressure decline must be 
attributed to dynamic changes 1,2 or both. Slowing of the heart rate appears 
to be rather inconsequential in this situation. Despite moderate retardation, 
heart rates remained markedly tachycardic. The thought occurs that the 
moderate slowing may have tended to prevent a greater reduction of arterial 
pressure through the expedient of permitting more adequate ventricular filling 
at each stroke, thus improving the systolic discharge. It is also noteworthy 
that equivalent hypotensions developed in two animals in which heart rates were 
slightly accelerated after spinal transection. This leads to the belief that the 
major portion of the decline in diastolic pressure is primarily the result of dilata- 
tion of peripheral arterioles due to the interruption of vasotonic impulses which 
normally maintain arterioles in a partially constricted state. This is the usual 
explanation of the decline in blood pressure in the spinal animal. It is obvious, 
however, that this event alone cannot explain the equivalent decrease in systolic 
pressure. 
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Recent observations by H. Smith and his collaborators might seem to be 
pertinent in this respect (1). The inference is drawn from their work that the 
elastic veins and perhaps capillaries are deprived of their normal extravascular 
skeletal muscle support after transection of the cord and that the capacity of the 
great venous reservoir is passively augmented. As a result, it is assumed that 
there is considerable pooling of blood in the peripheral venous system with a con- 
sequent reduction of atrial and ventricular filling pressure which must lead to a 
reduction of systolic discharge. At least a partial answer to this suggestion that 
a reduced systolic discharge is involved in this systolic pressure decline is obtained 
from the obseivations that atrial and effective venous pressures, if altered at all, 
were slightly elevated during the 'primary phase, while the state of hypotension 
was developing. Furthermore, the slopes of the ascending limbs of arterial pres- 
sure pulses were not reduced as would be anticipated if the ventricle were beating 
hvpodynamicalh r because of inadequate filling. Therefore the atrial pressures 
and ventricular stroke volumes in these supine animals do not appear to have 
suffered when the skeletal musculature of the thorax, abdomen and hind ex- 
tremities were abruptly rendered complete!}' flaccid. It is quite reasonable 
however to assume that this factor would assume major importance if the animals’ 
position were altered such that it was necessary to counteract the effects of 
gravity on the venous return. 

So far as these supine animals are concerned, there remains by elimination 
the probability that factor 4 (increased capacity of aorta and large arterial bran- 
ches) is primarily responsible for the major reduction of systolic pressure. Un- 
fortunately, little is known at present of the physiological characteristics of the 
Windkessel system. There is evidence, however, that the diameter of the aorta 
changes markedly in response to reflex and humoral stimulation (7). It is not 
unreasonable, then, to assume that the muscular elements of the Windkessel 
S3'stem, like the smaller peripheral vessels, are normally subject to vasotonic 
impulses which maintain the large vessels in a partially constricted state. The 
capacity of these vessels would thus increase when the regulatory influences were 
removed by spinal transection. This then may be the mechanism which ac- 
counts for the fall in systolic pressure not accounted for by the arteriolar 
dilatation. 


SUMMARY AND CONCLUSIONS 

This study concerns the acute arterial hypotension and associated phenomena 
which occur following transection of the spinal cord (C8) of supine lightly anes- 
thetized cats. When the transection procedures were uncomplicated by severe 
hemorrhage, pressures did not descend to critical levels. The hypotension de- 
veloped after the skeletal musculature of the thorax, abdomen and hind limbs, 
which supposedly support the elastic post-arterial vessels, had been rendered 
completely flaccid. Apparently, however, the venous return of these supine 
animals was not impaired by the loss of this extravascular support. The cri- 
teria for this concept are based upon the fact that atrial and effective venous 
pressures were, if anything, slightly elevated, while the heart rates remained 
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tachycardic. The slopes of the ascending limbs of arterial pressure pulses re- 
vealed no changes indicative of an impaired stroke output. 

In explaining the equivalent decrease of systolic and diastolic pressures on a 
hemodynamic basis, it was deduced that reduction of peripheral resistance is a 
major contributing factor, but that some additional dynamic event must be 
involved. The analysis suggests that an increase in the capacity of the aorta 
and its immediate large branches is involved. The acute hypotension following 
spinal transection may be considered to result from an increase in the capacity 
of and a reduction in resistance to blood flow throughout the entire arterial sys- 
tem from the root of the aorta to the capillaries. There is no evidence to support 
the postulate that an impairment of skeletal muscle tone or the extravascular 
mechanism is herein concerned with the fall in blood pressure in these supine 
animals. 

The authors wish to express their appreciation to Dr. S. C. Wang for his aid 
and counsel in the histological examination of the injured spinal cords. 

REFERENCES 

(1) Smith, H., E. A. Rovenstine, W. Goldring, H. Chasis and H. A. Ranges. J. Clin. 

Investigation 18 : 319, 1939. 

(2) Werle, J. M., R. S. Cosnv and C. J. Wiggers. This Journal 136: 401, 1942. 

(3) Henderson, Y. and T. B. Barringer, Jr. This Journal 31: 2SS, 352, 1913. 

(4) Treat, A. E. This Journal 33: 310, 1941. 

(5) Wiggers, C. J. This Journal 33: 13, 1914. 

(6) Wiggers, H. C. Unpublished observations. 

(7) Wiggers, C. J. This Journal 124: 603, 1938. 



THE VOLUME FLOW OF RESTING SALIVARY SECRETION 

C. R. SPEALMAN 

From the Department of Physiology, Medical College of Virginia, Richmond 
Received for publication February 1, 1943 

The term “resting salivary secretion” is used here to mean the salivary secre- 
tion which occurs in the absence of any obvious external salivary stimulus. A 
few investigators (Becks, 1939; White and Bunting, 1936) have previously used 
this term; and they, and others (Zaus and Fosdick, 1934), have given quantita- 
tive data on the volume of this secretion. The data of these authors are either 
too few or are published in such a foim that it is difficult to determine the accu- 
racy with which this measurement or a mean of several such measurements on an 
individual can be reproduced; in fact, the assumption that the volume of resting 
salivary flow is a characteristic of an individual could possibly be challenged. 

The present data, collected on male students of two classes of sophomore 
students of dentistry aged 20 to 29 years, are analyzed in relation to this problem 
in an attempt to contribute to the formulation of a standard technic, and to the 
establishment of normal limits, for the volume flow of resting salivary secretion. 

Method. All determinations are carried out in mid-moming or mid-after- 
noon to avoid as far as possible any effect of meals or hunger on salivary flow. 
The subjects are requested not to smoke during the ten minutes prior to the 
determination; the}'' are warned against gum chewing or candy eating previous 
to the determination. Psychic influences, such as resentment, embarrassment, 
etc., are avoided. The subject, in a sitting position, bends his head forward to 
the horizontal and allows the saliva to flow into a 50 cc. beaker placed lightly 
in contact with the lips, under the opened mouth. Mouth breathing, movement 
of the tongue, swallowing movements, etc., are avoided. The saliva drains into 
this beaker for 5 minutes in order to allow time for the establishment of a steady 
flow, so that the subsequent volume outflow of saliva represents the volume se- 
creted. This beaker is now removed with a sliding motion to take the excess 
saliva from the lips and a second 50 cc. beaker is quickly substituted. After 
exactly 5 minutes, the second beaker is removed in the same manner as the first, 
and the volume is measured in a 10 cc. graduated cylinder after adding 0.1 cc. 
butyl alcohol to destroy the foam. No correction is made for the volume of 
alcohol added, since this approximately equals the volume of saliva left in the 
beaker. 

The method used is a rather arbitrary one based to a great extent on a quan- 
tity of data obtained with one subject and on the known facts of salivary flow. 
This general method of measuring total salivary flow has been used by others 
(Becks, 1939 ; White and Bunting, 1936). In our use of this method, precautions 
were taken to avoid stimulation of salivary flow by the passage of air through 
the mouth by having the collecting vessel (beaker) in close contact with the 
lips. The time period of salivary collection used results from a compromise 
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between the obtainment of a volume sufficient for reasonabty accurate measure- 
ment and the avoidance of restlessness of the subject. The reasons for most of 
the precautions taken before and during the period of saliva collection arc obvi- 
ous. Some of these precautions are difficult to execute with certainty, since 
manj* of these depend upon the co-operation of the subject. This element of 
uncertainty can be reduced by direct observation of the subject before and dur- 
ing the determination. This was done for two determinations on each of 37 
subjects; the values obtained did not differ greatly from those obtained by the 
subject himself after suitable instruction; however, it is possible that in certain 

TABLE 1 

Vahies for the volume of resting salivary flow obtained on 10 subjects (S) 

Each figure represents the number of cubic centimeters of saliva collected in a 5 minute 
period. The values are recorded in the order in which the determinations (D) were made. 
The mean (M), the standard deviation (S.D.), the standard deviation in per cent (S.D. per 
cent), and the standard error of the mean (S.E.) are given for each subject. 


X. s 

W. A. 

A. D. 

I. G. 

M. G. 

n 

G. L. 

C. Q. 

B 

■ 

c. w. 

l* 

1.4 

3.0 

3.0 

1.1 

0.3 

0.5 

O.S 

3.6 

3.3 

1.1 

2* 

0.4 

2.3 

4.S 

1.0 

0.5 

0.9 

1.0 

1.7 

2.2 

1.6 

3 

0.6 

2.1 

2.2 

1.3 

0.9 

0.5 

1.5 

3.1 

3.3 

2.4 

4 

1.3 

2.8 

1.6 

2.5 

0.4 

0.5 

1.2 

2.7 

2.9 

1.7 

5 

1.5 

2.1 

1.6 

1.2 

1.1 

0.8 

1.0 

3.6 

2.6 

1.3 

6 

1.0 

2.0 

2.1 

1.9 

1.6 

0.4 

1.2 

2.9 

2.9 

1.7 

7 

0.7 

2.1 

2.4 

1.6 

0.4 

1.2 

1.3 

2.1 

2.6 

l.S 

8 

1.2 

2.2 

3.1 

1.5 

1.2 

0.9 

1.0 

4.6 

2.6 

2.0 

9 

1.8 

2.5 

1.3 

1.6 

1.0 

0.9 

1.2 

2.1 

2.0 

2.4 

10 


2.1 

2.8 

1.7 

1.4 

1.0 

1.2 

2.9 

1.9 

1.8 

11 

i 0.7 

1.1 

2.2 

2.1 

1.0 

1.3 

1.0 

1.8 

2.2 

1.6 

12 


2.2 

3.0 

2.1 

1.6 

0.9 

1.5 

4.5 

1.8 

1.1 

13 


2.2 

2.2 


1 

0.5 

0.8 

2.6 

2.7 


14 


2.0 

1.9 


i 

0.5 

0.3 

2.5 



M 

■ 

2.19 

2.44 

1.63 

0.95 

0.77 

1.07 

2.91 

2.54 

1.71 

S.D 

1 

0.43 

0.88 

0.45 

0.47 

0.29 

0.30 

0.91 

0.49 

.43 

S.D. (%).... 

E 

20 

36 

28 

49 

38 

2S 

31 

19 

25 

S.E 


0.11 

) 0.23 


0.14 

0.0S j 

o.os 

0.24 

0.14 

0.12 


* These values were taken under the direct supervision of a trained observer. 


instances the psychic effect of this direct supervision may have decreased the 
salivary flow in certain subjects (see table 1). Because of the possibility of the 
psycluc factor influencing the results, most of the data was obtained by the 
individual subject with a minimum of supervision. 

Results. Table 1 gives data obtained on a series of 10 of the subjects for 
the purpose of estimating the variability of values of resting salivary secretion in 
each individual subject. This group represents approximately one-quarter of 
the total number in one sophomore class, and so forms a large sample of this 
class. This sample was probably not greatly distorted by the method of selec- 
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tion; for it represents the first 10 students to volunteer as paid subjects. The 
first three values on these subjects were obtained in the summer and fall and the 
remainder in the winter of the current school year (1942-1943). The table 
also gives the mean, the standard deviation, the standard deviation expressed 
as per cent of the mean, and the standard error of the mean of each series of 
determinations. 

Table 2 shows that the distribution of values around the mean value for each 
subject of table 1 conforms approximately to the theoretical. 

Table 3 gives a limited number of single determinations taken a year apart on 
a few students. These data indicate that the resting salivary flow does not 
vary to a much different extent over an appreciable time period than it does 
over a short period of time (see table 1). 
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cc, perm unite 

Fig. 1. The distribution of values for the resting flow of salivary secretion obtained on 
58 subjects. The values used are the means of two determinations on each subject. The 
frequency is the number of individuals actually present in each group. 

Figure 1 shows the distribution of the means of 2 values of resting salivary 
secretion of 58 subjects. 

Discussion. The variabilhy of values for the volume of resting salivary se- 
cretion in the individual subject is quite large (see table 1). From our experi- 
ence, it is believed that this variability could not be greatfy decreased by con- 
trolling the experimental conditions more accurately; and, for the present, it is 
assumed that a rather large variability is inherent in the flow of saliva and that 
the values obtained represent random samples of the salivary output for the 
given set of conditions. This assumption is supported by the fact that the 
standard deviations, when expressed in per cent, are of the same order of mag- 
nitude in the 10 subjects studied (see table 1), and the fact that values for each 
subject are distributed around the mean value in fair agreement with the theoret- 
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ical distribution (see table- 2). Also supporting this is the fact that others 
(Becks, 1939; Zaus and Fosdick, 1934) have reported considerable fluctuation 
in the rate of saliva flow in the individual. 

Granting this assumption, it is seen that the mean value of salivary flow for 
a given subject maj r be determined quite accurately if a sufficient number of 
determinations are made (see standard errors of the mean values in table 1). 
Since the mean volume of salivary secretion is sufficiently different amongst 
the subjects studied, it may be concluded that the mean volume of salivary flow 
is a characteristic of the individual subject. A few salivary flow values taken 

TABLE 2 

The distribution of values obtained on each subject ( S ) about their mean {from table 1) 

The interval (I) width is one standard deviation. All values are in per cent. The 
theoretical distribution is given in the column at the extreme right. The mean of the 
percentages (M) found in each interval is given in the next to the last column. 



W. A. 

B 

H 

M. C. | 

■ 

n 

■ 

■ 

B 

c. w. 

MEAN 

TBEO- 

RET. 

+2 to +3 

0 

0 

7 

0 

0 

0 

0 

0 

0 

0 

l 

2 

+1 to 4-2 

15 

14 

0 

25 

17 

14 

14 

14 

15 

17 

14 

14 

0 to 4-1 

23 

36 

29 

17 I 

41 

43 

36 i 

21 

46 

25 

32 

34 

0 to -1 

54 

43 

57 

41 

17 

36 

43 

50 

15 

41 

40 

34 

-1 to -2 

8 

0 

7 

17 

25 

7 

0 

14 

23 

17 


14 

-2 to -3 

0 

7 

0 

0 

o 

0 

7 

0 

0 

0 

H 

2 


TABLE 3 


Values for the volume of resting salivary flow in 5 subjects taken at different limes 
Each figure represents the number of cubic centimeters of saliva collected in a single 
5 minute period. 


SUBJECT 

FALL 1941 

SPRING 1942 

SOMMER 1942 

FALL 1942 

H. H 

1.8 

1.8 

1.7 

1.9 

G. L 

0.5 

0.9 

0.5 

0.5 

H. R 

2.4 

3.2 

3.4 

2.3 

S S 

1.1 

1.5 

1.8 

1.7 

IV. w 

3.1 

2.9 

3.0 




over a period of a year on a limited number of subjects give support to this 
conclusion (table 3). 

Some indication of the number of determinations that should be made on a 
subject in order to know with some accuracy his mean resting salivary flow can 
be obtained from the data of table 1 by calculating the standard error of the mean 
from the standard deviation for various numbers of determinations used to 

S D 

obtain the mean by use of the formula S.E. = ~=L . As is well known, the stan- 

V N 

dard error decreases rapidly at first, and then more slowly, as the value of N is 
increased. Tlius it might be expected that if onlj' 4 measurements were taken 
on each of these 10 individuals, the standard errors would have values of the 
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magnitude of 10 to 24 per cent of tlieir mean values; while if 9 measurements 
were made the standard errors would have values of the magnitude of 6 to 17 
per cent of their mean values. Conclusfbns from such a calculation should be 
applied with some caution however; for it should be realized that the fewer values 
taken, the greater will be the error due to a single erratic determination. Also 
greater variability may be found in some subjects than occurs in these individuals 
who were studied. 

The distribution of the means of 2 values for 58 subjects is shown in figure 1. 
Although the mean of 2 values is certainly an inaccurate measure of the 
salivary flow of a subject, it is likely that this distribution curve represents in a 
general wajr the true distribution of values for these subjects. It is seen that 
the curve is skewed, the mean and the mode of the distribution curve being re- 
spectively 0.37 and 0.24 cc. per minute. The standard deviation was not 
calculated because of the skewness of the distribution. Resting salivary flow 
values obtained b} r the authors mentioned earlier are somewhat higher than the 
present values. Differences in technic, in experimental conditions, and in type 
of subject may be responsible for this. 

SUMMARY 

Using the method described for determining the resting volume of salivary 
secretion, evidence was obtained that the mean of a sufficient number of deter- 
minations represents a value which is reproducible and characteristic of the 
individual. The distribution of the mean of 2 values of a limited number of 
subjects is skewed. The modal value is about 0.24 cc. per minute. The lowest 
mean of two values obtained was 0.08 cc. per minute; and the highest, 0.88 cc. 
per minute. 
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Perhaps the most useful quantitative index of postnatal structural develop- 
ment is increase in size. Among the more interesting indices of functional de- 
velopment is increase in what Cannon terms homeostasis (1), the maintenanceof 
a constantly favorable internal environment in the face of external change. 

It is generally known that human infants, and young mammals of man 3 r other 
species, do not possess the abilitj 1 - to maintain a constant bod 3 r temperature; their 
homeothermic mechanisms are not well developed (2). As Cannon has re- 
marked, liomeothermic mechanisms are not required b 3 r the developing mammal 
before birth. At birth, however, survival becomes increasing^ contingent upon 
the exercise of these mechanisms. This report traces the development of homeo- 
thernry in the albino rat from birth to weaning at 22 da 3 r s of age. 

Methods. We investigated the development of ten litters of suckling rats 
totaling 93 animals. Since intervals of two or more da 3 r s separated repeated 
observations on atw single individual, so as to avoid the possibility of injury or 
decreased growth rate due to the experimental treatment, each point in figure 1 
represents the average of data from about twent 3 ' animals. This procedure 
ma 3 r have been the cause of some irregularity in the curve. Records were ob- 
tained b 3 r placing each subject in a covered container immersed in water at a 
temperature of 14.7-15.0°C. for fifteen minutes, and then measuring (by r means 
of a thermocouple) the difference between the rectal temperature of the animal 
.and the temperature of the water bath. 

Results. Figure 1 shows the development of homeothernry in suckling rats. 
t£ Homeotherm 3 '-” is gauged b 3 r the difference between rectal and environmental 
temperatures, when the environment is cool. Bod 3 r weights and heat produc- 
tion (oxygen consumption) are also given on the arithlog grid of figure 1 for pur- 
poses of general comparison. 

At birth the body temperature was only one degree above that of the environ- 
ment. At the age of one da3 r , the difference between bod3 r and environmental 
temperatures rose to 3°-4°C., and so on, as shown in figure 1. Under the given 
conditions normal homeotherrny for the species was practically fulty achieved 
at the weaning age, 22 da\’-s, when the body temperature remained at 37°C. m 
an environment of 15°C. It is, perhaps, significant that the attainment of full 
homeotherrny comes at an age when the mother is no longer available as a source 
of warmth. 

The central nervous center for the adaptive reaction to cold appears to be 

1 Grateful acknowledgments are made to Professors A. C. Ragsdale (Dairy Husbandry) 
and Addison Gulick (Biochemistry) for advice and facilities. 
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located in the hypothalamus (3), and the age curve of homeothermy probably 
reflects in part the functional development of the heat-regulating center of the 
hypothalamus. Shivering and other muscle reflexes tending to increase the 
internal temperature become apparent at age nine to twelve days (4). The de- 
velopment of the endocrines, particularly the adrenals (5) and thyroid (6), may 
play a role in the development of homeothermy. Ago changes in homeothermy 
may be related to age changes in energy metabolism. In this respect it is in- 
teresting to note that figure 1 shows similar irregularities in the curves of heat 
production and homeothermy in the region of nine days. Thus, the age curve 
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Fig. 1. Age curves of development of homeothermy (curve 2), body weight (curve 1), 
and heat production (curve 3) in rats. 

of homeothermy in figure 1 represents the summation of contributing nervous, 
vascular, hormonal, and metabolic mechanisms. 


SUMMARY 

Homeothermy in white rats, as measured by the difference between body and 
environment temperatures, is practically complete at the weaning age of 22' 
days. The curves of homeothermy and heat production show similar irregu- 
larities in the region of nine days, at which age shivering and other muscular- 
reflexes to cold become apparent. 
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The present communication represents a part of a study intended to search 
for elements which can produce enamel hypoplasia. It was thought that in 
finding the common qualities of such elements the primary causative factors in 
the production of enamel hypoplasia could be determined. This study is con- 
cerned with the effect of manganese and of boron. 

Manganese is present in all living tissues, both plant (1, 2) and animal (3). 
It is present in the blood in fairly constant concentration (3). Addition of 3.6 
per cent manganous chloride (MnCh • 4HiO) to the diet produces moderate to 
severe rickets (4). At the present time it is the most potent activator of liver 
phosphatase known (5). 

It has been fairly well established that the presence of boron is vital for the 
normal utilization of calcium by plants even when the supply of the latter is 
adequate (6). Apparently boron is not essential for the normal growth and 
development of the rat (7). 

Since no information is available concerning the effects of manganese and 
boron on the dental tissues, an investigation into such effects seemed advisable. 
Special interest was attached to the experiments on the influence of boron fol- 
lowing the recent report that a correlation exists between the fluorine and boron 
contents of natural waters (8). 1 

Methods and material. The present report is based on studies of the upper 
incisors of 27 white rats. Thirteen animals were given a single subcutaneous 
injection of 1 cc. of manganese chloride (C. P.) solution in concentration varying 
from 1 to 15 per cent (table 1). Eight animals were given a single subcutaneous 
injection of 1 cc. of a boron containing compound (table 2). Six animals served 
as controls. 

Albino rats used in these experiments were bred Wistar Institute stock and 
fed dog chow (Purina). Twice a week, lettuce, carrots and dry bread crusts 
were added to the diet. The animals were kept in a light room — 3 to 5 in a 
cage. The animals were killed by prolonged narcosis with chloroform. Four 
animals receiving the highest dosage of manganese chloride and one animal 
injected with a solution saturated with both borax and boric acid died before 
the end of the experiment (tables 1 and 2). 

1 After the paper had been submitted to the publisher, H. T. Dean, U. S. Public 
Health Service, kindly called attention to the fact that “apparently there is little con- 
• sistency in this relationship when viewed over a broad expanse, such as the country as 
a whole, although in circumscribed geographical-geological areas the relationship may 
hold.” 


233 



234 


G. D. WES SING Ell AND J. P. WEINMANN 


Thc specimens were fixed immediately in Zenker-formalin (Maximow) for one 
day or Bouin’s solution for two days. The dissected jaws were decalcified in 

TABLE 1 


Experimental data arid changes of enamel and dentin of IS rats injected with 1 cc. of manganese 

chloride solvlioJi 


NO. AND 
SEX 

AGE AT START 

WEIGHT 
AT START 

WEIGHT 
AT END 

CONC. OF 

iMnCls 

SOLUTION 


DOSAGE IN 
MOM. PER 
xcir. 

LENGTH 
OF FXPER. 

ENAMEL 

HYPO- 

FLASIA 

INCREMENTAL 

LINES 





gm. 

gm. 

per cent 



days 




1 d 

5 m.G d. 

235 

239 

1.0 

4.30 

42 

s 

— 

— 

— 

2 d 

5 m. 20 d. 

260 

. 24S 

2.5 

4.20 i 

9G 

s 

— 

— 

+ 

3 9 

2.5 m. 

139 


2.5 

4.20 ! 

1S1 

6 

+ 

— 

+ 

4 d 

5 m. 20 d. ! 

234 

21G 

5.0 

4. OS 

213 

8 

+ 

+ 

+ 

5 9 

2.5 m. 

130 


5.5 

3.95 

404 

6 

+ 

+ 

+ 

fi d 

6 m. 9 d. 

237 

254 

10.0 

3.95 

417 

S 

+ 

± 

+ 

7 9 

2.5 m. 

139 


8.0 

3.95 

576 

6 

+ 

+ 

+ 

8 d 

0 m. 9 d. 

230 

239 

15.0 

3.76 

652 

8 

— 

— 

+ 

9 9 

2 m. 

100 


8.0 

3.95 

SOS* 

G 

+ 

— 

4- 

10 9 

2 m. 

99 


s.o 

3.95 

SOS 

6 

+ 

+ 

4- 

11 o’ 

2 m. 

115 


11.0 

3.87 

956* 

1 

— 

— 

— 

12 9 

2 m. 

113 


! 11.0 

3.87 

973* 

4 

+ 

— 

4- 

13 9 

2 m. 

106 


15.0 



1 

— 


— 


* Indicates that the animals died spontaneously; the others were sacrificed by over 
anesthesia with chloroform. 


TABLE 2 


Experimental data and changes in dentin and enamel of 8 rats injected with 1 cc. of boron 

compounds 


NO. AND 
SEX 

AGE AT 
BEGIN. 

WEIGHT 

INJECTION OF 1 CC. 

P H 

BORON 

PER 

KILO 

DURA- 

TION 

HYPO- 

PLASIA 

INCREMENTAL 

LINES 

At 

begin. 

At end 

Enamel 

Dentin 


months 

grams 

grams 



mgm . 

days 




14 d 

1 

4S 

71 

5% borax 

S.D 

39.6 

9 

— 

4* 

+ 

15 d 

1 

53 

75 

1% borax & 1% bor. acid 

S.l 

40.1 

9 

— 

— 

— 

16 9 

1 

47 

67 

5% borax 

8.9 

40.4 

9 

— 

— 

4- 

17 9 

1 

41 

57 

5% borax 

8.9 

46.3 

9 

— 

— 

— 

IS d 

1 

43 

66 

1% borax & 1% bor. acid 

8.1 

49.3 

9 

+ 

— 

— 

19 d 

1 

53 

70 

5% borax & 4% bor. acid 

S.O 

168.0 

9 

— 

+ 

+ 

20 cT 

1 

48 

65 

5% borax & 4% bor. acid 

8.0 

185.0 

9 

— 

+ 

+ 

21 9 

1 

45 


5% borax & 4% bor. acid 

8.0 

198.0 

3* 

Not investigated 


* Indicates that the animal died spontaneously; the others were sacrificed by over 
anesthesia with chloroform. 


5 per cent nitric acid, embedded in celloidin and the sections stained with hema- 
toxylin and eosin. 

Findings. A. Injection of manganese chloride. Manganese chloride solution 
produced necrosis at the site of the injection in all instances. 
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Enamel hypoplasia was found in 8 of 9 rats receiving 180 to 975 mgm. MnCl 2 
per kgm. body weight and investigated 4 to 8 days after injection. In all in- 
stances the enamel matrix in the area of the hypoplasia is very thin and wedge- 
shaped with the base of the wedge toward the incisal end. The hypoplastic 
area is sharply demarcated against the areas of normal enamel at both apical 
and incisal ends. The length of the hypoplastic zone varied from 0.3 to 0.6 
mm. in the eight animals studied. 

The enamel epithelium covering the hypoplastic area shows changes of differ- 
ent degrees, which are apparently not related to the length of the experiment or 
to the dosage. The enamel epithelium might be formed by small cuboid cells 
(fig. 1, A), or spindle-shaped cells orientated in different directions (fig. 1, B). 
In figure 1 , C, the incisal covering of the hypoplastic area is formed by cuboid 



Tig. 1. Single subcutaneous injection of manganese chloride. Variation of changes in the 
enamel organ covering the enamel hypoplasia (areas between the arrows) and incremental 
bands in the dentin (x) Magnification X150. The ameloblasts in figure 1A (no. 6) are cuboid 
(a); in figure IB (no. 10) spindlesliaped (6); in figure 1C (no. 5) incisally cuboid (c) and 
apically high columnar (rf) ; in figure ID (no. 3) the ameloblasts show minor changes (e). 

cells, whereas the cells at the apical end are high columnar cells. In figure 1, 
D, where the hypoplastic area is shorter than in previous cases, most of the 
ameloblasts covering this area show minor morphological changes. 

The photomicrographs demonstrate further differences in regard to the attach- 
ment of the enamel epithelium to the hypoplastic area and in regard to the 
changes of the stratum intermedium and outer enamel epithelium. In figure 1, 
A and C, the enamel epithelium is detached from the surface of the enamel ma- 
trix and the stratum intermedium and outer enamel epithelium can not be dis- 
tinguished. In the other two cases there is no such detachment and the stratum 
intermedium and outer enamel epithelium can generally be distinguished (fig. 
1, B and D). 

In all instances the enamel hypoplasia was covered by an amorphous mass of 
varying thickness. At the incisal border of the hypoplasia, islands of amorphous 
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masses are found in the ameloblastic layer. Incremental lines in the enamel 
matrix were observed incisally to the hypoplasia in some instances (table 1). 

Accentuated incremental lines in the dentin ( X in fig. 1, A, B, C and D), 
corresponding to the injection were found in all animals receiving 100 mgm. per 
kgm. or more. They are more distinct in the middle than in the apical and 
incisal part of the incisor; accentuation was also greater in the labial than in the 
lingual side. 

B. Injection of boron compounds. All animals gained weight. Three animals 
injected with 5 per cent borax solution showed after 9 days a dry skin ulcer on 
the site of injection. Possibly this effect is referable to the high pH of this 
solution (table 2). 

Accentuated incremental lines in the enamel have been found in three in- 
stances of highest concentration of boron. Only one case (rat 18) of seven 
investigated showed an enamel hypoplasia. 

Four cases of seven showed an accentuated incremental line in the dentin. 
The line is most distinct at the incisal half of the labial side. 

Discussion. All animals injected with manganese chloride in a dosage 
greater than 180 mgm. /kgm. showed enamel hypoplasia. After injection of 
boron only one animal of seven showed an} r such lesion and this animal received 
a comparatively low dosage; from this, one can safely conclude that the hypo- 
plasia in the latter animal was probably unrelated to the injected boron. Enamel 
hypoplasia is even found, though rarely, in control animals. The observation 
that boron compounds apparently had no effect on the growth processes of the 
rat incisor might be significant. The association of boron and fluorine in natural 
waters (8) suggests that any effects of these waters cannot be attributed to the 
boron content. In a recent publication (9) it has been shown that boron com- 
pounds form a water-soluble complex with riboflavin, and that these preparations 
are suitable for injection. The findings that are reported herein indicate that 
the boron content of such preparations would not disturb the development of 
the teeth. 

In most instances the subcutaneous injection of both manganese and boron 
solutions produces severe lesions at the site of injection leading to an ulcer of 
the skin. Since enamel hypoplasias were produced in the animals receiving 
manganese chloride but not in those receiving boron, it may be assumed that 
the disturbance in enamel formation was due primarily to manganese and can- 
not be associated with the skin lesion. 

The morphologic changes of the ameloblasts in the area of hypoplasia were 
not constant. The ameloblasts varied from spindle-shaped to cuboid and from 
cuboid to high columnar. In the case of the single boron animal, the amelo- 
blasts covering the hypoplastic matrix showed no marked morphologic changes. 
Variations were observed not only in sections from different animals but even in 
the same specimen. The different morphologic changes of the ameloblasts 
could not be correlated with the length of the experiments (6 to 9 days) or the 
dosage (table 1). 

In all instances where enamel hypoplasia was found, the matrix underlying 
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the lesion was cuneiform in shape with the base directed incisally, and sharply 
bounded against normal enamel. The base of the wedge never attained the 
full thickness of completed enamel matrix. The hypoplastic area produced by 
manganese differs markedly from that produced by a single injection of stron- 
tium (10). In the strontium experiments, the hypoplasia extends over the 
entire zone in which the ameloblasts were producing enamel matrix at the time 
of injection (fig. 2, A). This zone is approximately 2 mm. long. The base of 
the wedge-shaped hypoplastic area, after injection of strontium, has the thick- 
ness of fully developed enamel. When, after the injection, formation of new 
enamel matrix begins, it is produced only apically to the lyypoplastic zone. 
(E in fig. 2A) The strontium hypoplasia, therefore, is sharply bounded only at 
the apical end. In contrast to these findings, the hypoplasia produced by 
manganese is much shorter (about 0.5 mm.) and involves onfy the apical one- 
fourth of the zone of matrix formation (fig. 2, B). When matrix formation 
begins after the injection, matrix is not only laid down apically to the hypoplasia 



Fig. 2. After single strontium chloride injection (A) all ameloblasts forming enamel 
at the time of injection cease functioning and new enamel (E) is formed only apically of the 
hypoplasia (areas between the arrows). After a single manganese chloride injection (B) 
only the ameloblasts in the apical one-fourth of the formative area are affected. New 
enamel ( E ) is formed not only apically from the hypoplasia but also incisalb r . 

but also incisally until the matrix has attained a normal thickness, (E in fig. 
2, B) . Therefore, the manganese hypoplasia is not only shorter than hypoplasia 
produced by strontium but it is demarcated sharply on both its ends by normal 
enamel. In the case of strontium, all ameloblasts which are actively engaged in 
the formation of enamal matrix are affected by the drug. On the other hand, 
in the animals receiving manganese, only a part of such ameloblasts were affected 
and these in the apical one-fourth of the area where enamel matrix formation 
was taking place. This varying degree of susceptibility of ameloblasts of differ- 
ent age to various agents may lie of significance. 

SUMMARY 

1. Manganese chloride administered subcutaneously to white rats in dosages 
greater than 180 mgm./kgm. produces enamel hypoplasia. 

2. The lethal dose of manganese chloride for white rats is approximately 800 
mgm./kgm. 
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3. The subcutaneous, administration of borax and/or boric acid with a total 
boron content of less than 200 mgm/kgm. does not cause enamel hypoplasia. 

4. The injection of manganese interrupts amelogenesis in the apical one-fourth 
of the zone of matrix formation. This is in contrast to hypoplasia produced by 
strontium which extends over the whole formative zone. 

5. Various agents may affect ameloblasts in different stages of their life cycle. 
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The apparent volume of distribution of intravenously injected sulfocyanate 
has been widely used as a measure of the volume of the extracellular fluid (1, 
2, 3, 4, 5). The volume of distribution of this substance four hours after in- 
jection is fairly reproducible in the individual animal, even though the volume 
may fluctuate considerably after twenty-four hours (5). The proportion of 
the body weight corresponding to the water through which sulfocyanate is 
apparently distributed after four hours varies markedfy, however, from animal 
to animal (1, 3, 4, 5). Often it clearly exceeds the usual extracellular volume 
of the dog, based on analyses of the water, sodium, and chloride content of whole 
animals (6). Its identification with the true extracellular fluid volume is, there- 
fore, open to question. 

The use of the radioactive isotopes of chloride and sodium, Cl 38 and Na 24 , 
has permitted a new approach to this problem. The chemical behavior of these 
radioactive isotopes is indistinguishable from that of the naturally occurring 
isotopes, while the radioactivity of the amounts used for tracer purposes is too 
small to have a demonstrable biological effect (7). Salts of Cl 38 , of Na 24 , and 
of SCN were therefore injected intravenously into dogs and their respective 
volumes of distribution followed during the next few hours. Variations in 
each volume and the relative size of the three volumes with alterations of the 
true extracellular fluid have been studied in this manner. 

Procedure. One adrenalectomized, and two normal lean, female dogs were 
the principal experimental subjects. Sodium sulfocyanate in 1 per cent solu- 
tion was injected intravenously from a calibrated burette, followed by a solution 
containing radioactive Cl 38 from a calibrated syringe. The latter solution was 
prepared by dissolving solid LiCl which had just been bombarded with deuterons 
in the cj’-clotron. A known amount of a solution of sodium chloride, containing 
Na 24 , was injected one to twenty-four hours after the injection of Cl 38 and SCN, 
and its distribution similarly determined. At one, two, and four hours after 
each injection samples of blood were drawn from the jugular vein, while at the 
same time urine was obtained by catheterization. In the earlier experiments 
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3 The authors are indebted to Dr. Richard Humphreys and the laboratory staff of the De- 
partment of Physics of Yale University for the preparation of the radioactive isotopes. 

239 



240 


A. AY. AVINKLER, J. R. ELKINTON AND A. J. EISENMAN 


it was found that negligible amounts of the substances injected were excreted 
in the urine during the first two hours after injection. In the later experiments 
urine was therefore obtained only after four hours. Volumes of distribution 
of Cl 38 could only be studied for two hours after injection because of the short 
half-life of this isotope (37 min.); those of Na 24 and SCN were studied for four 
hours. 

Volumes of distribution of these substances were determined in the two 
normal dogs both before and after twelve days of complete deprivation of food 
and water. In other experiments with these animals, an isotonic solution of 
glucose was introduced into the peritoneal cavity and permitted to remain there 
for four hours, at which time an equal amount of fluid was withdrawn. Since 
this fluid now contained sodium and chloride, the net result of this procedure was 
the removal of salt without water, and a consequent considerable reduction of 
extracellular fluid over the next three days. The volumes of distribution of 
the several test substances were determined before and again three daj's after 
this procedure. In the adrenalcctomized dog the volumes of distribution of 
Cl 38 and of SCN were obtained before and after treatment with desoxvcorti- 
costerone acetate and with cortical extract. 

Methods and calculations. Chloride in serum was determined by Hald 
and Patterson’s modification of the Van Slvke method (8), in urine by the 
method of Volhard and Harvey (9). Sodium in serum was determined by the 
method of Hald (10), in urine by that of Butler and Tuthill (11). Sulfocyanate 
in both serum and urine was determined by the method of Crandall and Ander- 
son (1), as modified by Elkinton and Taffel (5). 

The concentration of the radioactive isotopes, Cl 38 and Na 24 , were determined 
with a Geiger-Muller counter by a method which has previously been described 
(12). A sample of the solution injected was diluted until it gave a count in the 
range of maximum accuracy of the counter; all samples of serum and urine were 
then diluted until they gave counts in the same general range. Volumes of 
distribution at anj r time, Ecu* and E ^ a «, were calculated by the formula : 

E = (Ri X Di X Vi) ~ X D * x T ’«) W 
12, X A X Donnan factor 

where R refers to the count per minute (corrected to zero time for radioactive 
decay), D to the dilution factor, and V to the volume. The subscript i refers 
to the solution injected, u to the urine, and s to the serum. IF, is the proportion 
of water in serum. The Donnan factor used for Cl 38 was 1.05, that for Na 24 
was 0.95. 

The difficulties involved in the calculation of the volume of distribution of 
sulfocyanate have been discussed in detail elsewhere (5). The theoretical 
formula for the apparent volume of distribution is: 


7?scn — 


Amount given — amount excret ed 
Rise in serum concentration 
Water content of serum 


X Donnan factor 

X (1 — fraction bound) 
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The denominator represents the rise in concentration in extracellular water, 
which in turn is assumed to be identical with the ultrafiltrate of serum. In 
the sera of the particular normal dogs used in the present study, the concentra- 
tion in ultrafiltrate was determined directly and was found to be approximately 
0.90 X serum concentration (or 0.83 X serum water concentration) (13). 
Therefore the following simplified formula for the apparent volume of distribu- 
tion of sulfocyanate, .E'scn, was employed in this study : 

„ Amount given — amount excreted 

xi/c;p-vx • — — j 

■" Rise in serum concentration X 0.9 

Changes in the volume of the extracellular fluid were also independently cal- 
culated from the chemically determined balances of chloride and sodium (14): 

_ (Ecu 38 X Cli) + b C i 
Lb ch Cl 2 

n _ (Ay ai 24 X Nai) + 5y a 

Lb ^ Nas 


where: 

E Ch 38 and E-$ ai 24 = distribution volumes of Cl 38 and Na 24 respectively be- 
J fore the change, 

b cl and & Na = balances of Cl and Na. 

Cli and Cb = initial and final concentration of Cl in extracellular 

water, 

jSTai and Na 2 = initial and final concentration of Na in extracellular 

water. 

The concentration of Cl and Na in extracellular water, ECW, were calculated 
from the serum water concentration by the use of a Donnan factor of 0.95 : 

CW = C1,/(W S X 0.95), 

Na^cir = (Na, X 0.95)/W„ 

where W, = kilograms of water in a liter of serum. 

By all these chemical methods, as well as by the volumes of distribution of 
Cl 38 , Na 24 , and SCN, the change in volume of the extracellular fluid was cal- 
culated as: 

A E = E 2 — Ei, 

where E 2 and E x = final and initial volumes respectively. 

A E as plotted in figure 1 is the average of the differences between the volume 
of distribution at one and at two hours after injection of the substances. 

Results. The essential data are summarized in table 1. These may be 
analyzed in several ways. 

a. Changes in the volumes of distribution with time. The single determinations 
of the volumes of distribution of Na 24 and SCN after one-half hour were lower 
than those obtained later, suggesting that equilibrium had not yet been attained. 
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TABLE 1 


Apparent volumes of distribution of Cl 3S , of A 7 a 21 , and of SCN; scrum concentrations and 

net balances of Cl and Na 
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• Serum water content assumed to be 910 grams per liter, 
j Serum water content assumed to be 930 grains per liter, 
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The volumes of distribution of these two substances sometimes changed between 
the first and second and again between the second and the fourth hours after 
injection. These changes were never large, however, and were not consistent 
in direction. It therefore seems more reasonable to ascribe such variations to 
technical difficulties or to true changes in the volumes through which the sub- 
stances were distributed, than to lack of equilibrium between plasma and inter- 
stitial fluid after one hour. Of the four determinations of the volume of distribu- 
tion of Cl 38 at one and again at two hours after injection, three were identical 
and one was slightly greater after two hours, suggesting that for this substance, 
too, equilibrium is usually complete after one hour. 

b. Relative magnitudes of the volumes of distribution of Cl zs , iVo 24 and SCN. 
Under all conditions of hydration the volume of distribution of Cl 38 was uni- 


4 . 001 - 


2 . 00 


LITERS 


No 1 


|E 

sort 




Water deprivation 
12 days 



Rehydration 
14 days 


Salt withdrawal 
3 days 


Fig. 1. Comparison of measurements of changes in extracellular fluid volume in dog 1. 
Blank columns represent the initial absolute magnitude of the volumes of distribution of 
C1 3B , Na 14 , and SCN, before change has occurred. Black columns represent the changes, 
AFci 38 , A2?Na 24 , AFscn, AZ?bCl and AZ?bNa- In the first and third experiments the changes 
were negative, in the second, positive. The results with dog 2 are similar. 


formly the smallest, and that of SCN the largest of the three substances. In 
terms of per cent of body weight, the average volumes of distribution of the three 
substances in dogs 1 and 2 when normally hydrated were: 24.7, 27.6, and 35.6 
for Cl 38 , Na 24 , and SCN respective^. 

A statistical analysis of the difference between the volumes of distribution 
of the three substances was carried out. E C i s? was taken as a standard for 
reference. In the three dogs, hydrated and dehydrated, the mean of 34 in- 
dividual ratios of A Nn; « to A C1 « was 1.25, with a standard deviation of ± 0.16. 
Similarly, of 38 individual ratios of A'scn to E C \^ the mean ratio was 1.52 with 
a standard deviation of =fc 0.16. The difference between E S qn an( f Eq is 
therefore somewhat more significant statistical^' than that between, E-^ a u and 
Eqio- 

c. Effect of changes in hydration on the volumes of distribution of Cl 3S , Na ? 4 
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and SCN. Changes in the distribution volumes of Cl 38 , of Na 24 and of SCN 
were compared under conditions known to produce changes in the volume of 
extracellular fluid. Changes were induced in each of the two normal animals, 
once by water deprivation, and once by salt withdrawal by intraperitoneal 
glucose solution. The changes were also measured by chloride and sodium 
balances over the three periods. Despite large differences in the initial distribu- 
tion volumes of the three substances, the changes as measured in two to five 
ways were always in the same direction and were of approximately the same 
magnitude (fig. 1). Similarly the changes in the volumes of distribution of Cl 38 
and SCN, produced by treatment in the adrenalectomized dog, dog 3, over 33 
days were + 0.72 liter for A E c w and + 0.80 liter for A i? SCN . 

Although the changes as measured by the different methods agree for the 
most part, there are some discrepancies which appear to bear no relation to the 
initial absolute magnitude of the distribution volumes or to any one of the 
substances used. That Is, there are occasional single differences from the 
average value of as much as —48 and +74 per cent. The data on changes are 
too few to be submitted to a satisfactory statistical analysis. 

Discussion'. The results of these experiments are perhaps best understood 
if it is recalled that the extracellular fluid volume is the summation for the whole 
organism of a large number of particular fluid phases in many different kinds of 
tissue. The distributions of chloride, sodium, and sulfocyanate undoubtedly 
vary from one tissue to another. Sulfocyanate is definitely known to enter the 
cells of certain tissues, such as erythroc ytes and gastric mucosal cells (1, 2), 
and indirect evidence has been presented that it probabh r enters the cellular 
phase of other tissues as well (5). Sodium is present in the dog eiythrocvte (15) 
and in the cells of striated muscle (6). Cohn and Cohn (16) have shown that 
Na 24 rapidly penetrates dog erythrocytes. Manery and Bale (17) in an extensive 
study of the penetration of Na 24 into the different phases of many types of tissues 
conclude that although its entrance into some sodium-containing cells is slow, 
in others, especially secretory cells, the entrance is rapid. Greater cellular 
penetration in certain tissues must explain the larger volumes of distribution of 
sodium and of sulfocyanate. 

Other things being equal, in experiments of this type the substance giving the 
smallest volume of distribution is logically the best measure of the extracellular 
fluid. Chloride, on this basis, should be the substance of choice. But chloride 
itself is known to enter erythrocytes, and hence must give a measurement which 
is somewhat too large. Chloride is also known to be present in the cells of con- 
nective tissues, pyloric mucosa, and testes (18). However, as Manery and 
Haege (19) have shown that in the case of rat testes and rabbit pyloric mucosa, 
Cl 38 in the first few hours penetrates only' the sodium or extracellular phase, 
intracellular distribution of chloride in these tissues probably does not occur 
over the two hour interval of these experiments. At present rve can only state 
that any substance, such as sulfocyanate, rvhose volume of distribution exceeds 
that of radioactive chloride, is unsatisfactory in the absolute measurement of 
extracellular fluid. This does not preclude its use as a relative measure of 
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changes in the extracellular fluid volume, and our evidence on the whole supports 
the validity of the use of sulfocyanate for tills purpose. 

However, these experiments indicate that serial determinations of the volume 
of distribution of some single test substance may give misleading values for 
changes in the extracellular fluid volume. If such changes are to be studied, 
it is desirable to check changes in the distribution volume of sulfocyanate or 
of any other test substances-by chloride and sodium balances. 

The conclusion should not be drawn that the ratios of the absolute magnitudes 
of the volumes of distribution of Na 24 and SCN to Cl 38 are 1.25 and 1.52 respec- 
tively in all or any dogs. These data were obtained from only three dogs. A 
review of all the determinations of the distribution of sulfocyanate in normal 
hydrated dogs in this laboratory since the present SCN method has been in use 
shows that, in terms of bod}' weight, the average value for Escn was 34.6 per 
cent with a maximum of 42.3 per cent and a minimum of 26.7 per cent. These 
figures are from 29 determinations, made one to four hours after injection in 12 
dogs, and include those reported in this paper and in a previous paper (5). 
This wide range of values agrees well with those found by other workers; values 
of 27 to 36 per cent, 23.0 to 42.5 per cent, and 21.2 to 37.0 per cent of the body 
weight having been reported bj T Crandall and Anderson (1), Gregersen and 
Stewart (3), and Mellors et al. (4), respectively. In view of this wide variation 
the volume of distribution of SCN and its relation to that of Cl must vary 
considerably in different dogs. 

Although fairly constant volumes of distribution of SCN have been obtained 
at one to four hours after repeated injections over the course of a few weeks, 
there is some evidence that over a longer period of time the cellular phases into 
which SCN penetrates rapidly during the first four hours may become relatively 
saturated after repeated injections. Thus in table 1 A’scn fell gradually over an 
eleven week period from 43.3 per cent of the body weight to 35.5 per cent in 
dog 1 and from 36.6 per cent to 32.2 per cent in dog 2. Six months after the 
first of these determinations jE'scn was 30.4 per cent and 26.7 per cent of the 
body weight in these two dogs respectively. 

Kaltreider, Meneely, Allen and Bale (20) have studied the relation of the 
volumes of distribution of radioactive sodium and of sulfoc} r anate in man. 
These workers found that both volumes, after a sharp rise during the first three 
hours, reach a fairly constant level during the next nine hours. The magnitudes 
of the two volumes were very similar and approximated 25 per cent of the body 
weight. The difference between their results in man and our results in the dog 
may be due to the difference in species. 

SUMMARY AND CONCLUSIONS 

In three dogs under varying conditions of hydration the absolute magnitude 
of the apparent volume of distribution of sulfocyanate always exceeded that of 
radioactive sodium, which in turn exceeded that of radioactive chloride. 

In the hydrated normal dogs Cl 38 , Na 24 , and SCN were distributed through 
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approximately 25 per cent, 28 per cent and 36 per cent of the body weight 
respectively. 

In spite of these differences in the absolute magnitude, changes in the volume 
of the extracellular fluid as measured by each of the three substances and by 
chloride and sodium balances were usually of about the same magnitude; oc- 
casionally unexplained discrepancies appeared. . 

The volume of distribution of sulfocyanate is therefore not a satisfactory 
absolute measure of the volume of the extracellular fluid. Under most condi- 
tions, however, it may be a useful relative measure, i.e.; changes in its volume 
of distribution may reflect changes in extracellular fluid. 

REFERENCES 

(1) Crandall, L. A., Jr. and M. X. Anderson. Am. J. Digest. Dis. and Nutrition 1: 

126, 1934. 

(2) Lavietes, P. H., J. Bourdillon and Iv. A. Klinghoffer. J. Clin. Investigation 15: 

261, 1936. 

(3) Gregersen, M. I. and J. D. Stewart. This Journal 125: 142, 1939. 

(4) Mellors, R. C., E. Muntwyler, F. R. Mautz and W. E. Abbott. J. Biol. Chem. 

144: 785, 1942. 

(5) Elkin ton, J. R. and M. Taffel. This Journal 138: 126, 1942. 

(6) Harrison, H. E., D. C. Darrow and H. Yannet. J. Biol. Chem. 113: 515, 1936. 

(7) Hamilton, J. G. and G. A. Alles. This Journal 125: 410, 1939. 

(8) Peters, J. P. and D. D. Van Slyke. Quantitative clinical chemistry. Vol. II, 

Methods, p. 838, Williams & Wilkins, Baltimore, 1932. 

(9) Harvey, S. C, Arch. Int. Med. 6: 12, 1910. 

(10) Hald, P. M. J. Biol. Chem. 103: 471, 1933. 

(11) Butler, A. M. and E. Tuthill. J. Biol. Chem. 93: 171, 1931. 

(12) Eisenman, A. J., L. Ott, P. K. Smith and A. W. Winkler. J. Biol. Chem. 135: 155, 

1940. 

(13) Lavietes, P. H., J. R. Elkinton and T. S. Danowski. Unpublished data. 

(14) Lavietes, P. H., L. M. D’Esopo and H. E. Harrison. J. Clin. Investigation 14: 

251, 1935. 

(15) Kerr, S. E. J. Biol. Chem. 117: 227, 1937. 

(16) Cohn, W. E. and E. T. Cohn. Proc. Soc. Exper. Biol, and Med. 41: 445, 1939. 

(17) Manery, J. F. and W. F. Bale. This Journal 132: 215, 1941. 

(18) Manery, J. F. and A. B. Hastings. J. Biol. Chem. 127: 657, 1939. 

(19) Manery, J. F. and L. F. Haege. This Journal 134: S3, 1941. 

(20) Iyaltreider, N. L., G. R. Meneely, J. R. Allen and W. F. Bale. J. Exper. Med. 

74: 659, 1941. 



THE CENTRIFUGAL COURSE OF WALLERIAN DEGENERATION 

A. ROSENBLUETH and E. C. del POZO 1 
From the Department of Physiology in the Harvard Medical School 

Received for publication February 15, 1943 

In a previous report (Rosenblueth and Dempsey,' 1939) Parker’s (1933) con- 
clusion was confirmed that Wallerian degeneration is faster at more central 
than at more peripheral regions of a severed axon. The question arises whether 
the faster rate of degeneration near the section of the nerve is determined by the 
section itself, or whether it depends on a gradient intrinsic to the axons. This 
study attempts to answer that question. 

Method. In cats under ether or nembutal anesthesia the peroneal nerves 
were cut at one or more of the following regions: the hip, the middle of the thigh, 
and the knee, before the nerve begins to distribute its branches. These sections 
were made with aseptic precautions. Care was taken not to cut the arteries 
which accompany the nerves, in order to preserve the blood supply. 

Two to four days later, the cats were anesthetized with dial (Ciba, 0.7 cc. 
per lcgm., intraperitoneally) . The degenerating peroneals were dissected from 
hip to knee. Depending on whether or not the section at the middle of the 
thigh had been made, one (10 to 12 cm.) or two (5 to 6 cm.) stretches were thus 
available for study from each side of the animal. After crushing the ends of 
each stretch they were placed on electrodes in a moist chamber. 

The nerves were stimulated maximally by brief condenser discharges with a 
frequency of 10 to 30 per sec. This frequency was regulated by a thyratron 
which tripped the stimuli and also the sweep of the cathode-ray oscillograph. 

The electric responses were led monophasically or diphasically to the ampli- 
fier. Capachy-coupled amplification was employed, with a time constant of 
0.2 sec. The responses were photographed from the standing waves in the face 
of the oscillograph. Each picture corresponded to from 3 to 6 superimposed 
responses. The description of the position of the stimulating and recording 
electrodes is given with the corresponding experimental results. 

The areas underlying the monophasic responses were measured as follows. 
The records were projected through a photographic enlarger and were drawn 
on light cardboard (filing cards). They were then cut out and were weighed to 
± 5 mgm. The average weight was about 250 mgm. Since the sweep was 
not strictly linear (see figs. 1/ and 3 D) a correction of these weights was made 
by dividing their value by the speed of the sweep at the region where the peak 
of the spike was located. The latter figure was closely proportional to the 
area of the responses. 

The observations were made mainly on the A fibers of the nerves and only 
incidentally on B axons. 

1 Fellow of the J. S. Guggenheim Memorial Foundation. 
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Results. A. The degeneration gradient in nerves with a single cut at the hip. 
In the study of Rosenblueth and Dempsey (1939) the existence of this gradient 
was concluded from a comparison of the amplitude of the spike potentials of 
the degenerating trunks with those of normal controls when the nerves were 
stimulated at different regions from center to periphery. In the present ob- 
servations more accurate methods were used, as follows. 

If in normal nerves the recording electrodes are kept in a fixed position on 
intact and crushed regions, respectively, the amplitude of the spikes decreases 
gradually as the stimulating cathode is moved away from the recording region 
(fig. 1A). As is well known, this decline of amplitude is due to increasing 


a b c d e f 



Fig. 1. Changes of amplitude of maximal monophasic spike potentials with variable 
conduction distance. The time of stimulation is indicated by the stimulus artifacts in B 
and C. In A this artifact was too small and does not appear. Its position was fixed and 
occurred shortly after the beginning of the sweeps. The speed of the sweeps is calibrated 
for A, B and C, respectively by the sinusoidal waves (5,000 cycles) at the top of/. In these 
and other records the horizontal line corresponds to the level of the oscillograph for the 
resting nerve. 

A. Normal peroneal. Record from the peripheral end (interelectrodal distance 1.5cm.). 
Distances between the stimulating cathode and the proximal recording electrode: a to/, 
from 2 to 7 cm. by 1 cm. steps. 

B. Degenerating peroneal cut both centrally (hip) and peripherally (knee) 4 days previ- 
ously. Records as in A. 

C. The same degenerating nerve as in B, but records from the central end. Amplifica- 
tion increased. Conduction distances from 2.5 to 7.5 cm. 

temporal dispersion. The areas of the recorded response, however, decrease 
only slightly with increasing conduction distance (fig. 2A). 

Series of observations were made with variable stimulated points and with 
fixed recording electrodes at both the central and the peripheral ends of the 
degenerating nerves. Typical results were similar to those illustrated in figures 
1 and 2. When the record was peripheral both the amplitude and the area of 
the spike potentials declined markedly with increasing conduction distance — i.e., 
with stimuli applied progressively closer to the central end. When the record 
was central the amplitude decreased only slightly and the areas l’emained practi- 
cally constant as the conduction distance was increased. 

The gradient of the areas with peripheral recording was steeper the more 
advanced the degeneration. Thus, with stimuli moved toward the central end, 
only a slight decrease of area was seen in nerves cut 2 da 3 r s previously, while 
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the decrease was very pronounced in nerves studied 4 days after section. The 
sigmoid shape of the middle curve in figure 2A is typical. The position of the 
steeply ascending portion varied with the degree of degeneration. Thus, in 
3-day nerves that portion was close to the central regions while in 4-day nerves 
it was located in more peripheral regions. 

The gradient of responses supports the inference of a gradient of degeneration. 
With a peripheral record the responses decrease when the stimuli are moved 
away from the record because less and less fibers are stimulated — i.e., because 



Fig. 2. A. Areas of maximal monophasie spike potentials with variable stimulated re- 
gion. Ordinates: areas in arbitrary units. Abscissae: distance (in centimeters) between 
the stimulating cathode and the central cut of the nerves. 

Upper curve (dots). Normal peroneal. Record from peripheral end. 

Middle curve (crosses). Peroneal, 4 days after 2 cuts had been made, at the hip and 
knee, respectively. Records from the peripheral end. 

Lower curve (circles). Same nerve as in B. Records from the central end. 

B. Uniformity of the conduction velocity along a normal peroneal. Ordinates: latencies 
in milliseconds. Abscissae: conduction distances in centimeters. Lower curve: begin- 
ning of responses. Upper curve : peak of the spike potential of the A fibers. 

C. Conduction velocity of fibers along a degenerating peroneal (4 days). Ordinates and 
abscissae as in B. Lower curve : beginning of responses with peripheral recording. Upper 
curve: same, but central recording. 


more and more fibers have degenerated to a stage where they do not conduct. 
With a central record the responses do not vary much because many of the few 
recording fibers functional in that region will be activated throughout the nerve. 
Impulses set up in the functional peripheral part of other fibers will not reach 
the central region. The S shape of the middle curve in figure 2A indicates that 
there is a relatively short stretch of nerve separating the highly degenerated, 
nonfunctional central region, from the slightly degenerated, functional periph- 
eral part. 

An alternative method of testing the nerves was to move from center to 
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periphery, or vice versa, all 4 electrodes, stimulating and recording, keeping the 
respective distance constant — e.g., 1 cm. interelectrodal recording and stimulat- 
ing distance, and 1.5 cm. conduction distance. Except for the positions in which 
one of the recording electrodes was at a crushed end, the records were diphasic. 

When this procedure was used in normal nerves the responses were about 30 
per cent smaller from more peripheral than from more central recording regions. 
This difference suggests that the amplitude of the recorded spike potentials is 
smaller in the distal than in the central portions of the nerves. Standard mono- 
phasic records supported that inference. The source of this asymmetry will 
be discussed later. 

Similar tests made on degenerating nerves led to opposite results — i.e., the 
responses were larger at the more peripheral than at the more central regions. 
These results again support the inference that at a given time after central 
section, more fibers are degenerated towards the centers than towards the pe- 
riphery. 

a b c D 

v mimim 

Fig. 3. Changes of diphasic responses in degenerating peroneals. The recording elec 
trodes were 1 cm. apart, and placed at least 2 cm. away from the cut ends. The conduction 
distance was 2 cm. 

A. Normal nerve. The record begins at the end of the stimulus artifact. 

B. Degenerating nerve (4 days). Record from a relatively peripheral part. Stimulus 
applied centrally. The stimulus artifact precedes the response. 

C. Degenerating nerve (4 days). Record from a relatively central part. Stimulus ap- 
plied peripherally. 

D. Five thousand cycles. 

A further difference between normal and degenerating nerves was the follow- 
ing. As seen in figure 3A the 2 phases of the diphasic normal electrogram are 
prominent. Indeed, the areas of these 2 phases are approximately equal. This 
equality obtains whether the stimuli are applied at a central or at a peripheral 
region, with respect to the recording electrodes. In degenerating nerves, on 
the other hand, while the diphasic electrograms obtained from central stimulation 
resembled the normal responses (fig. 3B) those recorded with peripheral stimula- 
tion were asymmetric. The 1st phase was greater than the 2nd one. The 
records tended to become monophasic (fig. 3C). 

A final difference between normal and degenerating nerves appeared when 
conduction-velocity measurements were carried out. In normal nerves the 
conduction velocity of the fastest fibers was uniform throughout the trunks tested 
(lower line in fig. 2B). In addition the latency of the peaks of the spike poten- 
tials varied uniformly with increasing conduction distance (upper line, fig- 2B), 
indicating that the rate of conduction for the average A fibers was uniform. 1 he 
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velocity of propagation was the same in measurements made with peripheral 
and with central recording, respectively. 

While the graphs correlating latency of response with conduction distance 
were straight lines when the record was from the central end of the degenerating 
nerves, they could deviate significantly from the straight line when the record 
was from the peripheral end. This was true not only of the latency of the 
beginning of the responses (fig. 3C), but also of that of the peak of the A spike 
potential. The deviation was more striking when the degeneration was more 
advanced — i.e., it was seldom found before 3 days, but was the rule after 4 days 
of degeneration. 

The conduction velocities measured in degenerating nerves were sometimes 
faster than normal when degeneration was not very advanced (up to 105 m/sec. 
in some of the 3 day nerves; cf. table 1). This confirms similar observations of 
Rosenblueth and Dempsey (1939). With more advanced degeneration the 

TABLE 1 

Conduction velocities (m/sec.) 

The rows indicate the propagation velocity of the beginning of the responses (fastest 
fibers) and of the peak of the A spike potential (average A fibers). In the columns the 
symbols mean as follows: 3 and 4 days, time of degeneration; C and P, central or peripheral 
recording; c and p, stimulation of a relatively central or peripheral region. Each figure 
is the average of from 5 to II measurements in different nerves. There was little scatter 
except for the columns corresponding to 3 days of degeneration. 



NORMAL SERVES 

3 DAYS’ i 

4 DAYS 


C and P 

C 

p 

c 

Pc 

P p 

Fastest i 

82 

75 

83 

55 

49 


Peak 

1 

62 

63 | 

i 

65 

45 

44 

1 


rate of propagation was slower than normal throughout the nerve, but it was 
slower in the central than in the peripheral regions (table 1). 

The irregular lower line of figure 2C is readily explained by the interpretation 
that the larger fibers, which conduct more rapidly, are totally degenerated in 
the central portions, while some of them are still functional in the peripheral 
regions. The two slopes in the line thus probably denote two sets of fibers, 
not a change of velocity in the same elements. 

B. The gradient in nerves with central and peripheral cuts, at hip and knee. 
As illustrated in figures 1, 2 and 3, all the tests described in the previous section 
yielded results in these nerves similar to those obtained with only one cut at the 
hip. In some animals the double section was made on one side while only a 
central cut was made on the other. A comparison of the two nerves showed 
only minor quantitative differences. It may be inferred, therefore, that the 
peripheral cut at the knee does not modify the centrifugal course of Wallerian 
degeneration. 

C. The nerves with a central and a middle cid, at hip and middle thigh. The 
purpose of these observations was to see whether a single gradient would obtain 
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for the nerve as a whole, from hip to knee, or whether each cut would set-up 
two similar gradients, one for the upper and the other for the lower segment of 
the nerve. In other words, the question was whether or not the degree of de- 
generation would be the same at the central- end of the two segments divided 
by the middle cut— i.e., immediately below the cut at the hip and below that 
in the middle. 

The results indicated clearly that a single gradient was present for the nerve 
as a whole. Thus, after 2 or 3 days of degeneration the upper segment usually 
showed a marked centrifugal gradient while the lower one did not show it— i.e., 
the lower segment was practically undegenerated throughout its extent, while 
the upper one showed extensive degeneration toward the central end. 

After more prolonged degeneration (3 to 4 days), the A fibers of the upper 
segment as a rale were almost totally degenerated while a sizable fraction of them 
were functional in the lower portion. 

The amplitude of the monophasic responses recorded with a standard pro- 
cedure was invariably greater at the lower central region (below the middle cut) 
than at the upper one (below the cut at the hip). The responses at about 1 cm. 
below the middle cut were only slightly smaller than those at about 1 cm. 
above this section. 

It may be inferred, therefore, that an additional middle cut does not modify 
the course of degeneration of the nerve as a whole consequent to a higher section 
at the hip. 

Discussion. Some considerations of the structure and properties of normal 
peroneal nerves, in the regions studied, are necessary for the evaluation of the 
results on the degenerating trunks. Specifically, the question arises whether 
this part of the peroneal may be considered a homogeneous, uniform trunk, or 
whether there is a systematic anatomical change in the A axons from center to 
periphery. This question is suggested by the observation that the amplitude 
of responses is smaller at more peripheral than at more central parts of normal 
nerves (p. 250). A change in the average diameter of the axons along the nerve 
would result in a change of the amplitude of the spike potential (see Gasser and 
Grandfest, 1939). 

The observations of Eccles and Sherrington (1930) oppose the view that there 
is a significant change of the average diameter size of the axons in the regions 
of the nerves tested. They found only a slight degree of branching, and hence 
a slight decrease of diameter, of motor axons measured between 9 and 62 mm. 
away from the gastrocnemius muscle. This branching was more marked in 
the regions close to the muscle than in more central parts of the nerve. The 
changes of diameter of the axons in the nerves studied here would therefore be 
practically negligible. 

In support of the inference that the tranks studied are uniform are the meas- 
urements of conduction velocity illustrated in figure 2B. The latencies of the 
peaks of the spike potentials may be taken as an accurate basis for measurements 
of average conduction velocity. If the diameter of the axons decreased at the 
periphery their conduction velocity would become slower, as is well known. 1 he 
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plot of the latencies against the conduction distance would then yield a graph 
which would deviate from a straight line. The straight lines in figure 2B 
indicate, therefore, that the conduction velocities of both the fastest and the 
average A fibers in the nerves remained uniform throughout the trunk. They 
indicate, therefore, that there is no significant progressive decrease of diameter 
of axons from center to periphery in this part of the nerves. 

It may be concluded from this argument that the smaller amplitude of re- 
sponses recorded peripherally, as compared to those recorded centrally, is not 
due to a change in diameter of the fibers. An alternative, more likely, explana- 
tion is that as the nerve begins to organize into its several peripheral branches 
there is an increase in the relative amount of fascia surrounding the axons. 
This fascia acts as a shunt which decreases the recorded potentials. A further 
corollary of the foregoing discussion is that the gradient of degeneration revealed 
by the data is not a consequence of a non-uniform structure of the axons. 

Since the blood supply of the nerves was carefully preserved at the time of 
the sections, it may be concluded that the centrifugal gradient of degeneration 
is not determined by changes in the irrigation of the tissue. 

That the gradient is not determined by the section of the nerves is indicated 
by the fact that it was not modified when several cuts were made, instead of only 
a central section (figs. 1 and 2, p. 251). The lack of influence of additional 
sections excludes the diffusion at the cuts of some substance into or out of the 
axons as a possible factor for the asymmetry in the progress of degeneration. 
The results lead to the inference that the centrifugal course of degeneration is 
due to a polarization or gradient which is intrinsic to the axons. The nature 
of this gradient is obscure at present. An obvious working hypothesis is that 
it is metabolic, so that more central regions of axons bum up more rapidly than 
more peripheral parts. Other hypotheses are possible, however, and only 
future study will clear the problem. 

It may be pointed out that the demonstration of an asymmetiy in axons, 
and even the knowledge of the source of this asymmetry 7 , does not and will not 
clarify the reason for Wallerian degeneration. The factor or factors responsible 
for the degeneration of an axon separated from its cell-body and nucleus may be 
entirely 7 independent of the conditions which determine the time course of that 
degeneration. 

The relative monophasicity of responses recorded from two uncrushed points 
in the degenerating nerves when the stimuli are applied peripherally (fig. 3C) 
is attributed to the presence of axons which are functional at the region in contact 
with the recording electrode proximal to the stimulated part, but which are not 
functional at the region of the distal recording lead, because of the more ad- 
vanced central degeneration. As a corollary 7 of this interpretation it may 7 be 
inferred that non-conducting parts of a degenerating axon behave like injured 
parts of normal axons with respect to the recording of the action potential 
from other normal or less degenerated regions. 

The present observations confirm previous reports that larger fibers degenerate 
more rapidly 7 than smaller axons (see for references Spielmeyer, 1929). Thus, 



254 


A. ROSEXBLUETH AND E. C. DEL POZO 


the abnormal prominence of the B sj)ike potentials in nerves with an advanced 
degeneration, as compared with normal trunks (cf. fig. 1 A and B) indicates more 
degeneration of A than of B axons. Similarly, as already mentioned (p. 249), 
the broken lower line of figure 2C is best explained by the assumption that some 
of the large, fast fibers are entirely degenerated in the central region of the 
nerves at a time when smaller, slower axons are still functional. 

SUMJLA.RY 

The peroneal nerve of the cat is shown to have A axons of uniform diameter 
between the hip and the knee (p. 253). Wallerian degeneration of that nerve 
follows a centrifugal course — i.e., central portions degenerate more rapidly 
than peripheral regions (pp. 249, 250). This gradient of degeneration is unin- 
fluenced by cuts additional to the central section at the hip (figs. 1 to 3; p. 252). 
The gradient, therefore, is not determined by the cuts, thus excluding the pos- 
sibility of diffusion of some substance out of or into the axons as a factor. The 
gradient does not depend on the blood supply to the nerve (p. 253). It reveals 
a longitudinal asymmetry intrinsic to otherwise uniform axons. 

It is confirmed that larger fibers degenerate more rapidly than smaller axons 
(p. 254). 

Monophasic action potentials may be recorded from a functional to a de- 
generated region of an axon (p. 253, fig. 3). 
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Since the introduction of thiocyanate by Crandall and Anderson (4) as a sub- 
stance which is distributed mainly in the extracellular fluids, the method has 
been used on several occasions for measuring changes in extracellular fluids (11, 
12, 14, 15). Attempts at standardization of the method have been carried out 
by a number of investigators (8, 9, 13). As a result of these investigations the 
thiocyanate method is appreciated as a valuable adjunct in studying the body 
fluids under experimental conditions, and the method is generally accepted as 
valid as far as relative changes are concerned. In some recent studies (1,2, 10) 
we have attempted to use the method and have ecountered some difficulties 
in repeated determinations of available fluid (for solution of thiocyanate). 
The present study therefore attempts to evaluate the method for approximation 
of extracellular fluid volume changes and to standardize the method for repeated 
determinations. 

Methods. Dogs were used as the experimental animal. Anesthesia was 
usually not employed, but in a few instances pentobarbital sodium intravenously 
was used. Thiocyanate was administered as 2.5 or 5 per cent solution of the 
potassium salt. The solution was measured into a syringe by means of a volumet- 
ric pipette attached to the syringe tip by a short segment of small-bore rubber 
tubing. The solution was given by way of the jugular vein and the syringe was 
rinsed twice with blood to insure complete emptying. Blood samples were taken 
from the jugular vein at 10 to 15 minute intervals during the first hour, at 20 to 
30 minute intervals in the second hour and at variously longer intervals there- 
after. Thiocyanate was determined according to the method of Lavietes, 
Bourdillon and Klinghoffer (9), except that adoption of the method to the 
Lumetron photo-electric colorimeter was made. .We have found the color 
produced by ferric nitrate reagent to fade within a short period of time, and for 
this reason the color is produced in each sample separately and read in a uniform 
time, that is, within 30 seconds after the addition of ferric nitrate. The small 
amount of thiocyanate present in normal control plasma makes it necessaiy to 
make a correction, especially when reinjection of thiocyanate for repeated de- 
termination is carried out. To avoid the error, we carry out the procedure on 
control plasma and use this for the transmission standard instead of distilled 
water. Plasma thiocyanate determinations were carried out in duplicate. 
These usually checked within 0.1 mgm. per 100 cc. Urine thiocyanate deter- 
minations were carried out by the same procedure as for plasma with the excep- 
tion that the transmission standard was urine-trichloracetic acid filtrate diluted 
with an equal volume of distilled water. Sodium determinations were made in 
duplicate by the method of Butler and Tuthill (3). 
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Diffusion time. Crandall and Anderson found the diffusion time to be around 
one hour in dogs. Stewart and Rourke (13) found the plasma level to stabilize 
in about 30 minutes in man. In 22 dogs in the present study the diffusion time 
was found to average between 47 to 67 minutes (the average times of the next 
to last, and last determinations, after which subsequent readings were stable). 
The maximum time in the series was 67 to 89 minutes. No correlation between 
diffusion time and size of dog or thiocyanate level was apparent. 

Disappearance, of thiocyanate. Crandall and Anderson report an average rate 
of disappearance of 0.0S mgm. per 100 cc. per hour. In 23 dogs used in this 
study the average rate of disappearance was found to be 0.15 mgm. per 100 cc. 
per hour as determined over a period of 24 hours. The difference between this 
figure and that obtained by Crandall and Anderson, if significant at all, may be 
attributed to different average plasma thiocyanate levels in the two studies. 
Tins rate of disappearance was found to vary considerably in different animals, 
the range being 0.04 to 0.41 mgm. per 100 cc. per hour. To some extent this 
variation depended upon the concentration of thiocyanate in the extracellular 

TABLE 1 


Comparison of total disappearance of thiocyanate from extracellular fluid with total urine 

excretion 


EXPERIMENT 1 

■ - - - 1 

TIME 

BLOOD LEVEL 

DISAPPEARANCE 

RATE 

TOTAL SCN 
DISAPPEARANCE 

IN EACH EXPT. 

total amount 
SCN EXCRETED IN 
URINE . 


hours 

trtgm./lOOcc. 

msm./100 cc./hr. 

mgm. i 

nigm. 

1 

24 

12.4 -S.S 

0.17 

144 

21 

2 

6 

7.25-5.7 

0.29 

36 

7.3 

3 

25 

11.3 -7.6 

0.16 

153 

18.5 

4 

24 

8.15-6.95 

0.07 

3S 

29 

5 

17i 

10.6 -7.15 

0.20 

160 

16 


fluid so that an average per cent disappearance is somewhat more accurate in 
estimating the rate of disappearance. This percentage factor, in this series of 
23 dogs, was found to be 2.3 per cent per hour. 

Disposition of thiocyanate. No attempt was made in this study to establish 
the exact location of the thiocyanate ion as it disappeared from the extracellular 
fluid. However, some suggestion as to the disposition of the ion may be derived 
from observations on the following experiments. In 5 dogs quantitative deter- 
mination of urine thiocyanate over a period of about 24 hours was compared 
with the amount which disappeared from the original available fluid, which latter 
was assumed to remain constant in volume. As shown in table 1, the results of 
this study indicate that the amount disappearing from this original available 
fluid far exceeds that quantity which is eliminated in the urine during the same 
period. According to these findings, the repeated determination of available 
fluid by subtracting that thiocyanate excreted in the urine from the total amount 
originally injected as was done by Elkington and Taffel (6) would give erroneous 
results. This may account for the unreliability of the thiocyanate method for 
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measuring a given portion of the body fluid over an extended period, as found by 
these authors, since false high values would be obtained by this method of cor- 
rection. These data would seem to indicate, in accord with the findings of Elking- 
ton and Taft'el, that thiocyanate rapidly diffuses into one portion of the body 
fluids and slowly enters another phase of the body fluids, probably the cells. 

Relation of urine excretion of thiocyanate to plasma level. A progressive increase 
in thiocyanate concentration in the plasma was produced in 4 dogs by continuous 
intravenous administration of thiocyanate. Urine collections were taken at 
intervals and blood samples were simultaneously obtained. A distinct correla- 
tion of urine and plasma thiocyanate concentration was detected by this means 
although the urine level was always definitely lower than the level in the plasma. 
Thus, with increased plasma levels, one may expect a more rapid urine excretion. 
This, at least, partly explains the higher rates of disappearance found in the 
animals with higher plasma levels in the first part of this study. 

Optimum thiocyanate dosage. The toxic and lethal levels of thiocyanate in 
the plasma vary with different animals. Rapid injection of doses of 40 to 75 
mgm. per kilo may cause death. On the other hand levels of 30 mgm. per 100 
cc. have frequently been attained without obvious untoward symptoms. In 
order to avoid toxic or lethal effects the dosage should not exceed 30 mgm. per 
kilo, of body weight. The optimum value in the plasma from the technical 
standpoint is around 8 mgm. per 100 cc. which is approximately attained by the 
administration of 25 mgm. per kilo of body weight in the dog. 

The use of the thiocyanate test in detecting changes in the extraccllidar fluid. In 
order to test the accuracy of reinjection of thiocyanate, nine normal dogs were 
used. The original available fluid was determined by a single injection. In 
this determination precaution was taken to insure complete diffusion and correc- 
tion was made for disappearance either by actually determining the disappear- 
ance rate in individual dogs or by using the factor 2.3 per cent disappearance per 
hour as discussed above. After completion of the first determination a second 
determination of available fluid was made by reinjection of thiocyanate. By 
taking the difference between the levels attained after reinjection and that exist- 
ing before reinjection, a second calculation of available fluid was made. The 
results of single injection and reinjection in normal dogs in which no change in 
extracellular water was produced are compared in table 2. It is noticeable in 
the results that there is definite variation, which we consider to represent the 
culminative vicissitudes of the test. The errors are on both the positive and 
negative side, that is, neither method is consistently higher or lower. The 
greatest per cent of error from the first determination is 5.8 per cent and average 
error is plus or minus 3.6 per cent. In table 3 are presented the data on the use 
of the thiocyanate method in detecting changes in extracellular fluid volume by 
causing an increase of extracellular volume in two dogs and a decrease in three 
dogs. The increase in extracellular fluid volume was brought about by ligation 
of both ureters and injecting 1000 cc. of normal saline intravenously. The extra- 
cellular fluid was caused to decrease by the method used by Gilman (7) and 
Darrow and Yannet (5) which consists of the intraperitoneal injection of 5 per 
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cent glucose’. In these two groups of experiments available fluid was calculated 
1, from a single injection of thiocyanate, determining the rate of disappearance 
from the percentage factor 2.3 per cent per hour, or, in some dogs, the disap- 
pearance rate was previously determined; 2, by reinjection of thiocyanate; and 


TABLE 2 


Comparison of available fluid determination from original injection with available fluid as 

determined by reinjection of thiocyanate 


EXPERIMENT 

lsr EXCELL. DETK. 

REINJECTION 

ERROR 

PER CENT ERROR 


cc. 

CC. 

CC. 


l 


35S0 

-200 

-5.3 

2 


2470 

-20 

-0.8 

3 

3880 

3960 

+80 

+2.3 

4 

3760 

3980 

+220 

+5.S 

5 

4520 

4390 

-130 

-2.9 

6 


3040 

-40 

-1.3 

7 


2760 

+140 

+5.3 

8 

39S0 

4120 

+140 

+3.5 

9 

4300 

4650 

+2o0 

+5.8 

Average 

3.6 



TABLE 3 


Table illustrating changes in extracellular water in superhydration and extracellular 

dehydration 


i 

EXPERI- 

MENT 

PROCEDURE 

ORIGI- 

NAL 

AVAIL- 

ABLE 

FLUID 

BY SCN 

DISAP- 

PEAR- 

ANCE 

PER 

CENT 

CHANGE 

BY SCN 
REIN- 
JECTION 

PER 

CENT 

CHANGE 

BY 

SODIUM 

METHOD 

PER 

CENT 

CHANGE 

1 

Ureters ligated; 1000 cc. 0.9 per 
cent NaCl intravenously 

2520 

3310 

+31.6 

3650 

+45.2 

3460 

+37.6 

2 

Ureters ligated; 1000 cc. 0.9 per 
cent NaCl 

2870 

3700 

+28.6 

4030 

+40 

4076 

+42 

3 

400 cc. 5 per cent glucose intra- 
peritoneally. Removal of 400 cc. 
fluid with 28 mgm. SCN and 1.01 
grams Na 

2270 

1845 

-18.4 

1960 

-13.0 

2067 

-9.0 

4 

750 cc. 5 per cent glucose IP. Re- 
moval of 840 cc. fluid with 29 
mgm. SCN and 2.13 grams Na 

3317 

3040 

-8.4 

3067 

-7.5 

30S3 

-7.1 

5 

1000 cc. 5 per cent glucose IP. Re- 
moval of 1060 cc. fluid with 34 
mgm. SCN and 2.69 grams Na 

4595 

4000 

-13.0 

3927 

-14.5 

4250 

—5.1 


8, extracellular fluid volume changes were calculated from changes in plasma 
sodium concentration. In the dogs receiving 5 per cent glucose intraperitoneally 
correction was made for the thiocyanate and sodium which diffused slowly into 
the peritoneal fluid. In the table it is shown that results by the three methods 
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are fairly concordant and are in accord with the expected type of fluid redis- 
tribution brought about by the methods used. 

Discussion. According to results obtained in the present study confirmation 
is given to the use of the thiocyanate method in determining a partition of the 
body fluids as available fluid for solution of thiocyanate. Certain precautions 
are necessary for proper utilization and evaluation of the test. In order that 
the optimum blood level shall be produced, approximate^ 25 mgm. per kgm. of 
body weight should be administered. In each case the diffusion time should 
be carefully determined by taking samples of blood, 30 minutes, one hour, one 
and a half hours, and two hours after the first injection. 1 Diffusion is usually 
complete about one hour after the injection, but a single sample one hour after 
the injection is not safe because in a few dogs diffusion is not complete then. 
It is preferable that the disappearance rate be determined in each case by taking 
a sample 3 to 4 hours after the injection (before this time the decrease of thio- 
cyanate will be too small to measure accurately) and correction for disappearance 
should be made in calculating the available fluid. The use of a disappearance 
factor, in this study found to average 2.3 per cent per hour, yields less accurate 
results. This disappearance factor is usable however, in view of the roughly 
quantitative nature of the test. 

Determination of available fluid subsequent to the original determination may 
be made b 3 r one of two methods: 1, by determining the rate of disappearance 
during the control period and calculating the available fluid from the thioc.yanate 
level resulting from the original injection after changes in extracellular fluid have 
occurred, and 2, by reinjection of thiocyanate. 

The relatively high thiocyanate levels resulting after a second or third injec- 
tion, and the possibly more rapid disappearance of thiocyanate when the plasma 
level is elevated cause us to favor the first method, that is, the disappearance 
method. In studying changes in extracellular water it would seem preferable 
to check the thiocyanate method, preferably a single injection with disappearance 
and reinjection procedure combined, with the method of determining extra- 
cellular fluid changes by variations in sodium concentration. 

The exact fate of thiocyanate was not ascertained in the present study. The 
demonstrated fact that a considerably greater quantity of thiocyanate disap- 
pears from the available fluid than is excreted in the urine during a given time 
would strongly suggest that thioc 3 r anate continues to enter the cells even after 
diffusion has been completed. 


SUMMARY 

1. Optimum dosage of thioc.yanate to determine available fluid volume is 25 
mgm. per kilogram of bod.y weight, 3 T ielding a thioc 3 r anate concentration of 
around 8 mgm. per 100 cc. of plasma. 

2. The diffusion time varies but ranges around one hour. The time should be 

1 In recent experiments we have been giving the thiocyanate to the animal on the day 
preceding the experiment, talcing samples at intervals on the da} r of injection, and the next 
morning taking a sample in order to calculate the rate of thiocyanate disappearance. 
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ascertained in each determination by serial sampling. The disappearance rate 
averages 2.3 per cent per hour, but should also be determined in each instance 
and correction made accordingly. 

3. Reinjection determinations of available fluid check within 6 per cent of the 
original determination. The disappearance method with a single injection is 
advocated as the preferable method for determining changes in extracellular 
water volume subsequent to the original determination. This method should 
be checked by reinjection of thiocyanate and sodium determinations. 

4. In determining experimental extracellular water changes, reasonably con- 
cordant results are obtained with the thiocyanate method and the sodium 
method. The thiocyanate method is considered to be a satisfactory method for 
roughly measuring changes in extracellular water. Changes in the extracellular 
water volume in excess of 6 per cent probably have a definite significance bj’ 
the method. 
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In the course of a previous experiment (5) it was found necessary to establish 
the normal heart rate of the rat. This rate, it was found, depended on whether 
the animals were tamed or untamed. This paper presents an analysis of the 
differences found between the tamed and untamed rats of both sexes. 

The heart rate was recorded by a Davis electroencephalograph ; clip electrodes 
were attached ventrally and dorsally through the axis of the heart. 

A miniature replica of the conventional Pavlov frame was constructed for 
recording the heart rate of the adult rats. The animal was kept in the frame 
by means of straps just behind the forelegs and in front of the hind legs. The 
floor of the frame is movable and serves a double purpose — it allows for adjust- 
ment to the size of the animal, and it is of aid in the training procedure. In the 
first- few days of training, if the animal struggles too much, it displaces the floor, 
and consequently is left suspended by the two straps — a situation which the rat 
soon avoids ceasing to struggle. 

In the course of the investigations reported here, the 130 animals used were 
classified as follows : 

1. Tamed (gentled), (a) Thirty days old. Seventeen animals in this group 
were handled every day from birth. They were held in the experimenter’s hand 
while heart records were taken. 

(b) One hundred-twenty days old. Twenty-seven animals in this group were 
handled from birth and were fastened in the Pavlov frame daily' for two weeks 
before heart recording was begun on the 120th daj r . 

2. Untamed (non-gentled). (a) Thirty days old. Sixty-nine animals, un- 
liandled except for marking, comprised this group. On the 30th daj' heart rec- 
ords were taken while the animal was held in the experimenter’s hands. 

(b) One hundred-twenty days old. Seventeen animals, unhandled except for 
marking, made up this group. On the 120th day the animals were placed in 
the Pavlov frame and heart records taken. 

Water and excess food were always available to both groups. 

The two groups were thus equated with regard to the procedure employed 
on the 30th and 120th daj's, except that one group was tamed and the other 
untamed. In addition to the determination of heart rate, the weight of the rats 
was recorded. Tables 1, 2 and 3 present the results of the data analyzed on 
these days. 

In 3 of the 4 groups the heart rate of the untamed animals was significant^ 
higher than that of the tamed animals. That a true base line of heart rate had 
been reached for the tamed 120-day-old animals is indicated by the fact that the 
heart rate average for these 27 animals on the 120th day did not differ signif- 
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TABLE 1 


Comparison of heart rates in tamed and untamed rats at SO and ISO days of age 


SEX 

30-day 

120-day 

Tamed 

Untamed 

Critical 

ratio* 

Tamed 

Untamed 

Critical 

ratio 

Male 

355 ±35.6 

(i\ r :10) 


9.6 

422 ± 30.4 
(N:1G) 

506.7 ± 35 | 
(N:10) 

7.1 

Female 

413 ± 45.5 
(N:7) 

491.7 ± 43 
(N:37) 

■ 

484 ± 18 
(N:ll) 

483 ± 44.2 
(N:7) 

.20 


* This is an index of the reliability of a difference between 2 measures. A critical ratio 
of 3 or more indicates that the obtained difference is statistically significant, i.c., the 
chances are greater than 999 in 1000 that a true difference exists. 


TABLE 2 

Sex differences in heart rate of lamed and untamed SO-day-old rats and of tamed and untamed 

120-day-old rats 



HEART RATE 

AGE 

Tamed group 

i Untamed group 


Male 

Female 

Critical 

ratio 

Male 

Female 

Critical 

ratio 

30 days 

355 ± 35.6 
(N:10) 

413.2 ± 45.5 
(N:7) 

2.8 

496.5 ± 47.1 
(N:32) 

491.7 ± 43 
(N:37) 

.4 

120 days 

422 ± 30.4 
(N : 16) 

j 484.2 ± IS 
(N:ll) 

6.7 



1.2 


TABLE 3 


(a) Differences in weight of tamed and untamed SO-day-old animals and lamed and untamed 

120-day-old animals (grams) 



30-day 

120-day 

SEX 

Tamed 

Untamed 

Critical 

Tamed 

Untamed 

Critical 


U) 

(2) 

ratio 

(3) 

(4) 

ratio 

Male 

41.3 ± 8.5 

51.1 ± 10.5 

2.9 

265.7 ± 23.2 

303.5 ± 23.1 

4.2 


(N:10) 

(N:32) 


(N : 16) 

(X:10) 


Female 

43.2 ± 6.6 

49.8 ± 11.2 

2.0 

202.5 ± 13.4 

229.4 ± 12.2 

4.3 


(N:7) 

(N:37) 


(N:ll) 

(N:7) 



(b) Critical ratio sex differences in wt. col. 1 = 0.5 (not significant). 

Critical ratio sex differences in wt. col. 2 = 0.5 (not significant). 

Critical ratio sex differences in wt. col. 3 = 9.0 (significant). 

Critical ratio sex differences in wt. col. 4 = 8.6 (significant). 

icantJy from the average heart rate of these same animals based on recordings 
taken from the 120th to the 134th day inclusive. These rates were 447 for the 
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1 daj' period and 451 for the total 15 day period. The procedure of taming out- 
lined above then allows for a reliable 1 day sampling. 

The untamed females were less affected by the recording situation than were 
the untamed males. 

Sex differences are present in the tamed animals but not in the untamed ani- 
mals. Sex differences, however, disappear in the tamed group when recordings 
are taken under conditions of stress. The latter point was illustrated when 
the tamed animals of 120 daj r s of age which showed a sex difference with a critical 
ratio of 6.7 were reintroduced to the Pavlovian frame after a 50-day absence. 
The situation now, judging by struggling behavior and defecation, was a stressful 
one and analysis of the data of recordings taken for a 5-day period failed to 
reveal any sex difference. The rates of both sexes were approximately 475. 
This disappearance of sex differences may be said to be due mainty to the dif- 
ferent action of the male and female heart under stress, the former reaching a 
higher rate while the females apparent^ were unaffected. If male and female 
heart rate gained proportionately, sex differences would still be observable. The 
fact that they do not results in the males reaching a level approximately equal to 
that of the females with a consequent disappearance of previously noted sex 
differences. It was also noted (table 1) that while both untamed male age 
groups showed a significant difference from the corresponding tamed animals 
onty one of the two female groups showed that difference. These two facts 
then might suggest a sex difference in regard to sensitivity of heart rate. 

Fluctuation in heart rate. This was calculated by analyzing the 30-second 
period into five 6-second periods and considering the maximum change between 
any two periods as the fluctuation. No significant differences were found in 
any of the cross comparisons. 

In three of the four comparisons the untamed rats were significantty heavier 
than tamed rats of the same age and sex. Sex differences in weight were propor- 
tional in the tamed and untamed animals for the two age groups. 

Discussion. Hammett (2) in 1921 reported, in this Journal, on the mortality 
rate of two groups of rats in the 48 hours following thyroparathyroidectom}'. 
For the “standard rats” the mortality was 79 per cent of a group of 90; for the 
“experimental rats,” 13 per cent of a group of 96. The “standard rats” referred 
to the stock albinos, animals rarely handled up till the time of operation. The 
“experimental rats” were described as animals which had had constant handling 
and petting. Hammett’s “standard rats” then correspond to the untamed rats 
of the present study, and his “experimental rats,” to the tamed rats. Hammett 
suggests the following hypothesis to account for the difference in mortality rate. 
The excitement of the standard rats on being handled led to a high muscular 
tone with a resulting high metabolic rate and more rapid formation of toxic 
compounds. The experimental rats, on the other hand, maintained a low 
muscular tone and lower metabolic rate and a less rapid rate of toxin formation. 
As a result the experimental (tamed) animals survived in larger numbers. 
The findings of the present study showing differences in heart rate between tamed 
(experimental) and untamed (standard) animals supplement and support 
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Hammett’s hypothesis, the higher heart rate of the untamed animal implying 
a higher metabolic rate. This differentiation in heart rate between tamed and 
untamed rats may also have some bearing on the findings of Humphrey and 
Marcuse (3) that the untamed rats are more susceptible to convulsive seizures 
due to auditory stimulation. 

Sex differences in metabolic rate, weight of hypophysis, blood coagulation 
time, etc., have been found in the rat (1). Thus it is not surprising that sex 
differences in heart rate should exist. The lack of recognition of this difference 
in the available literature on the subject may be a result of the masking effect 
on this difference caused bj r the differential reaction of male and female heart 
to conditions of stress implied in the recording situation. Schafer (6) states 
that while the pulse frequently is greater in women than in men, this difference 
almost disappears if men and women of equal stature are compared. In the 
present investigation sex differences in weight were present in both the tamed 
and untamed 120-dav-old group. The differences were proportional for the two 
groups with the males being the heavier. Sex differences in heart rate, however, 
were found only in the tamed group. In the 30-day group sex differences in 
weight were not present for either the tamed or untamed groups, but again sex 
differences in heart rate were found for the tamed group only (tables 2 and 3b). 
Weight then does not appear to be significantly related to heart rate. This 
finding, together with the unusual sequence of development of heart rate found 
in the rat, low at birth with subsequent increase, (4), may suggest an atypical 
heart action system. 


SUMMARY 

1. Heart rates of untamed 30- and 120-day-old rats were significantly higher 
than heart rates of tamed rats of the same sex and age in three of four compari- 
sons. This higher rate was more marked in the males. 

2. Sex differences noted in the tamed group were not present in the untamed 
group or in the tamed group when under stress. 

3. Untamed animals were significantly heavier than tamed animals of the 
same sex and age in three of four comparisons. 

4. No significant differences in fluctuation of heart rate were found in any cross 
comparison of groups. 
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The study of blood clotting has concerned itself to a large extent with the 
transformation of prothrombin into thrombin and of fibrinogen into fibrin. 
This emphasis, on what must constitute, under ordinary conditions, the later 
phases of the changes in the blood after it leaves the vessels has been encouraged 
by the view that normal “cell free” plasma contains all factors needed for 
coagulation (1). Though this may be true, the point is often overlooked that 
the time at which coagulation begins and the rale of its development are directly 
influenced by the degree and extent of the changes in shed blood 'preceding the 
inception of clotting. 

It is generally agreed that a clot accelerating substance, thromboplastin, 
released from tissue cells or the formed elements of shed blood is responsible, 
in a large measure, for the rapid activation of prothrombin. The mechanism 
whereby prothrombin is activated remains obscure; the rate and extent of 
activation is somehow related to the amount of thromboplastin available (2, 3, 4). 
The following experiments may help to throw additional light on this mechan- 
ism. The evidence to be presented appears to indicate that normal human “cell 
free” plasma collected with especial precautions, has the property of reducing the 
clot accelerating action of aqueous extracts of brain tissue, when plasma and 
extract are incubated before recalcification. This natural clot decelerating 
quality of fresh human plasma shall be designated “antithromboplastin activ- 
ity,” or merely “antithromboplastin.” Hemophilic plasma possesses an 
antithromboplastin activity several times greater than normal. This excess 
is probably the primary cause of the pronounced delay in the inception of 
coagulation of hemophilic blood. 

Methods and reagents. Unless meticulous care is taken in the collection 
of blood and separation of plasma little or no activity may be demonstrated. 
For this reason the various technical steps will be described in detail. Venous 
blood is collected, preferably from a fasting subject, swiftly (average rate ol 
collection no less than 1 cc. each 2 sec.) through sharp, wetted 18 gauge needles, 
into syringes loaded noth the required amount of anticoagulant. All bubbling 
should be avoided, and the blood should be gently mixed with the anticoagulant 
within 30 sec. after it began to be drawn into the syringe. The blood is centri- 
fuged immediately at 3,000 RPM for 45 minutes, the upper § of the plasma care- 
fully removed at once noth paraffin coated droppers, placed in similarly coated 
tubes, and tested within one hour after its separation. Occasionally, in blood 
with a high per cent cell volume, centrifugation for 45 min. at 3,000 RPM 
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does not suffice to rid the plasma of platelets. As additional precaution, a 
platelet count (1—20 dilution) on the plasma should be done, to make certain 
that it does not contain more than 4,000 true platelets per mm 3 . A 0.129 M 
sodium citrate solution (3.8 grams of Na 3 C G H50 7 2Ii 2 0 in 100 cc. distilled H 2 0) 
is used as anticoagulant in the proportion of 1 part of the solution to 9 parts of 
blood, when the per cent cell volume is 40 =b 5. This will yield a plasma with a 
citrate concentration between 0.0187 and 0.0214 M (0.55 and 0.63 gram per cent). 
Recalcification of 0.3 cc. of such plasma (containing 1.6 to 1.9 mgm. of citrate) 
with 0.1 cc. of a solution containing between 0.7 and 1.0 mgm. of CaCl 2 will 
jdeld, fairly constantly, optimal (minimal) coagulation times. Care must be 
taken, however, that the proportions of citrate to calcium are not greatly upset 
by wide variations in the per cent plasma volume in a given specimen. In 
order to maintain uniform citrate-calcium ratios when standard calcium solu- 
tions are used for recalcification, one must add to the blood 0.16 cc. of the citrate 
solution for every 10 units (or fraction) below 35, of the red cell hematocrit; a 
similar amount should be subtracted from 1 cc. of the citrate solution to be added 
to the blood, for each 10 units (or fraction) of the red cell hematocrit above 45. 
If the per cent cell volume has not been determined in advance, the amount of 
CaCl 2 required to give a minimal coagulation time for a given mixture of plasma 
and diluted thromboplastin must be established by trial. As will be shown 
later, 0.1 cc. of a CaCl 2 solution between 0.06 and 0.09 M will nearly always 
produce minimal clotting times w r hen added to 0.3 cc. of plasma of 0.017- 
0.022 M citrate concentration (0.5 to 0.65 gram per cent). 

The following standard thromboplastin solutions are used: 1. Concentrated: 
0.85 per cent Nad extract of acetone dried adult human brain prepared by the 
Quick method (5). Each 0.1 cc. of this solution should clot 0.1 cc. of normal 
human recalcified citrated plasma in 11-12 sec.; this time should not be per- 
ceptibly altered by incubation of solution with plasma, in these proportions, 
before recalcification. 2. Dilute thromboplastin solutions. Solution A: pre- 
pared by diluting 0.025 cc. of the concentrated saline brain extract, measured 
in a serological pipette, with 10 cc. of 0.85 per cent Nad. Each 0.1 cc. of this 
solution contains 0.25 mm. 3 of the concentrated thromboplastin and should 
•clot 0.3 cc. of optimally recalcified normal citrated human plasma in 50 ± 10 
sec. Solution B: prepared by diluting 0.033 cc. of a 1-10 dilution of the concen- 
trated saline brain extract with 10 cc. of 0.85 per cent NaCl. Each 0.1 cc. of 
this solution contains 0.033 mm. 3 of the concentrated thromboplastin and 
should clot 0.3 cc. of optimally recalcified normal, citrated, human plasma in 
100 ± 10 sec. The dilute solutions should be fresh; the}’’ begin to lose potency 
after about 2 hours’ standing at room temperature. Recalcification is carried 
out with 0.1 cc. of a CaCl 2 solution of varying molar concentration, according 
to the respective total amount of citrated plasma used. If a minimal clotting 
time on 0.3 cc. of plasma is obtained with 0.1 cc. of a Cad 2 solution other than 
0.074 M, the concentration of the CaCl 2 for other quantities of plasma must be 

correspondingly adjusted. 

The amounts and order of addition of the reagents are as follows: lube 1 
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(without incubation): 0.1 cc. diluted thromboplastin, 0.1 cc. CaCl 2 , 0.3 cc. 
plasma. Tube 2 (with incubation): 0.1 cc. diluted thromboplastin, 0.3 cc. 
plasma, mix, incubate, then add 0.1 cc. CaCl 2 . 

When the effect of a certain agent (heat, dilution, etc.) is being studied, the 
distribution of amounts and order of addition are as follows: Tube 1 (without 
incubation): 0.2 cc. treated plasma, 0.1 cc. fresh plasma, then rapidly 0.1 cc. 
CaCl 2 (proper M concentration) and 0.1 cc. diluted thromboplastin. Tube 2 
(with incubation): 0.2 cc. treated plasma, 0.1 cc. diluted thromboplastin, mix, 
incubate, then rapidly 0.1 cc. CaCl 2 (proper molar concentration), and 0.1 cc. 
fresh plasma. 

In control tubes the treated plasma is replaced by an equal volume of 0.85 
per cent NaCl, the order of additions and rest of procedure remaining the same. 
In this manner the clotting system CaCl 2 -fresh plasma is used as an “indicator” 
of the extent to winch incubation with the treated plasma (or salt solution) has 
affected the clot accelerating power of the thromboplastin. The order of 
additions is so arranged as to allow no opportunity for contact of the thrombo- 
plastin with the plasma before recalcification, except wiien so designed. 

Prothrombin is measured by Quick’s method (5) using the acetone dried 
human brain extract. Unless otherwise stated the prothrombin content of all 
plasmas is 100 per cent of normal. The rate of clotting of plain recalcified 
citrated plasma (designated throughout these experiments as the “Plasma 
Clotting Time”) is estimated by adding 0.1 cc.of CaCl 2 (proper M concentration) 
to 0.3 cc. of plasma. All incubations and clotting time determinations unless 
otherwise stated are carried out at 37.5 ± 0.5°C. in glass tubes 7 mm. internal 
diameter and 3 cm. in length. The evidence in support of the conclusions in 
this paper w r as selected from a group of 351 experiments on blood from dogs, 
rabbits and men (normal and hemophilic). 

1. Incubation of plasma with thromboplastin solutions. A diminution in the 
clot accelerating action of certain thromboplastin solutions may be observed 
as early as after one minute of incubation with normal plasma (fig. 1). A clear 
antithromboplastin effect is observed only with solutions of a given clot ac- 
celerating power (those containing 1.0 mm. 3 , 0.25 mm. 3 or 0.033 mm. 3 of con- 
centrated thromboplastin per 0.1 cc.). A maximum effect seems to be reached 
after about 5 min. ; between that time and 10 min. no further important changes 
seem to take place. Hemophilic plasma differs from normal in that: 1, it exerts 
a clot decelerating effect even on potent thromboplastin solutions (10 mm. 3 / cc.) ; 
2, its effect on the same solution is more pronounced, and 3, within certain limits, 
grow r s more intense as the solution becomes weaker. 

Since most of the inactivation of thromboplastin by plasma apparently takes 
place in the first 3 min. of incubation it would be natural to expect that, when 
the thromboplastin is so diluted as to produce a clotting time approximating 
that of recalcified plasma without thromboplastin, little or no difference would 
be shown between the incubated and unincubated specimens. In such instances, 
the coagulation of the recalcified unincubated plasma itself proceeds at a rate 
sufficiently slow', to allow' most or all of the inactivation to take place during 
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that period; preliminary incubation with the thromboplastin for 5 min. will, 
therefore, result in little addition to the amount of thromboplastin inactivated. 
A similar effect is observed when coagulation of normal plasma is made more 
prolonged by increasing the volume of the plasma while holding the volumes 
of thromboplastin and CaCl 2 fixed. When the clotting times goes beyond 120 
sec. the antithromboplastin effect gradually diminishes until a point is reached 
when the incubated specimens clot faster than the unincubated. In order to 



Fig. 1. Effect on the clotting time of hemophilic and normal plasma of incubation for 
various periods with solutions of thromboplastin of decreasing potency, before recalcifica- 
tion. The numbers adjacent to each curve designate the potency of the thromboplastin 
solution used, expressed in terms of the actual amount in cubic millimeters of concentrated 
saline brain extract in each 0.1 cc. of the solution. 


detect, by the incubation method, maximum decelerating effects in normal 
plasma, a thromboplastin solution that produces a clotting time of about 50 
sec. seems best. For comparing the activity of normal plasma with that of 
hemophilics a clotting time of about 100 sec. is desirable. This presupposes 
equal prothrombin concentrations in the 2 plasmas. “Cell free” oxalated plas- 
mas, separated from blood colllected as specified, behave in this respect sub- 
stantially like citrated plasmas. 

In table 1 are analyzed statistically the extent of the clot decelerating action 
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of the “cell free” plasmas of 51 normal and 6 hemophilic men on the dilute 
thromboplastin solutions A and B. When using the stronger thromboplastin 
(sol. A), one may expect in 68.2 per cent of determinations on normal subjects, 
prolongations of the clotting time of the incubated plasma above that of unin- 
cubated, of the order of 12.5 to 43.1 sec.; an equivalent percentage of determina- 
tions on hemophilic plasma should yield prolongations of 32 to 55.6 sec. When 
using the weaker thromboplastin (sol. B) a prolongation of the order of 8 to 
29.2 sec. only may be expected in normal plasma, while hemophilic plasmas may 
5 r ield prolongations of 49.6 to 71.7 sec. As indicated by the values of p, hemo- 
philic plasma exerts an effect significantly greater than that exerted by normal 
plasma against the weaker thromboplastin solution ; against the stronger solution, 
no statistically significant difference exists between the 2 plasmas. 

The longer coagulation time of the incubated plasma-thromboplastin mixture 
is not due to a diminution in prothrombin, since no difference maj 7 be observed 

TABLE 1 


Significance of differences in antithromboplaslin activity between normal and hemophilic 

plasmas, rising 2 types of thromboplastin 


TYPE OF THROM- 
BOPLASTIN 

NORMAL 

INCREASE IN CLOT. TIME OF 
INCUB. OVER UNINCUB. 

HEMOPHILIC 

INCREASE IN CLOT. TIME OF 
INCUB. OVER UN1NCUB. 

DIFFER, 
db a DIFF. 

' 

X 

P * 


Mean 

(±<r) 

Max. 

Min. 

No. of 
observ. 

Mean (±<r) 

Max. 

Min. 

No. of 
observ. 


c DIFF. 



sec . 



see. 



see. 


per cent 

Sol. A 

27.8 

±15.3 

44 

13 

59 

43.8 
±11. S 

92 

23 

29 

16 

±19.3 

.S2 

41 

j 

Sol. B 

! 

18.6 

±10.6 

45 

1 

38 

60.7 

±11.09 

114 

40 

35 

42.1 

±15.29 

2.75 

0.6 


* Probability of the difference between the 2 plasmas being due to sampling. 


between the prothrombin content of unincubated plasmas and those incubated 
with dilute thromboplastin solutions for the periods of time stated above. 
Likewise, incubation of the plasma and thromboplastin solution separately, or 
of the plasma with 0.85 per cent NaCl before recalcification, either does not alter 
the clotting time significantly or shortens it, when compared with unincubated 
controls. Moreover, if the thromboplastin solution is pipetted down carefully 
on the surface of the plasma and the two are allowed to incubate, without mixing, 
much less prolongation of the clotting time is observed than when the thrombo- 
plastin and plasma are mixed before incubation (table 2). Restricting the site 
of the reaction between the two liquids to their interface, accounts perhaps for 
the diminished effect. 

2. Calcium and antithromboplaslin. The importance of maintaining uniform 
citrate/calcium ratios in these studies may be appreciated when the effect of 
various amounts of sodium citrate and CaCb on antithromboplastin activity is 
studied. 
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Normal or hemophilic blood (9 cc.), collected as specified, was drawn into 2 
syringes loaded with 1 cc. of a solution of either 0.064 M (1.9 per cent) sodium 
citrate in 0.4 per cent NaCI or 0. 129 M (3.8 per cent) sodium citrate. The bloods 
were then centrifuged at 3,000 RPM for 45 min. and the respective amount of 
citrate in each plasma calculated from the percent cell volume. One sample of 
blood was allowed to stand at 5°C. for 24 hrs. before the plasma was separated 
by centrifugation. The activity of the normal plasmas was tested on thrombo- 
plastin solution A, that of hemophilic plasmas on sol. B, using CaCl 2 solutions 
of varying molar concentration. 

With 0.02 M citrate plasmas, minimal clotting times and an antithrombo- 
plastin activity of uniform degree are obtained on rccalcification with 0.06-0.074 
M CaCl 2 solutions; undcr-citrated, 0.01 M plasmas may not manifest a compar- 
able degree of activity when these CaCb solutions are used (table 3). Over- 
xecalcification of the plasma, regardless of its citrate content, prolongs the clot- 
ting time and gradually abolishes all evidences of antithromboplastin activity. 
Under-recalcification also prolongs the clotting time, but greatly accentuates 

TABLE 2 


Effect on clolling lime of a mixture of 0.3 cc. plasma, 0.1 cc. diluted thromboplastin and 0.1 
cc. 0.07 If M Cadi, of incubation ( 5 minutes) of the thromboplastin or plasma in various 

rvays, before recalcificalion 


PLASMA 
SPEC. NO. 

WITHOUT 

mam. 

. 

TnROMnOPL. 
AND PLASMA 
MIXED AND 
INCUBATED 
TOGETHER | 

THROMBOPL. 
AND PLASMA 
INCUD ATE D 
TOGETHER, 
NOT MIXED 

TIIROMBOPL. 
AND PLASMA 
INCUBATED 
SEPARATELY 

PLASMA 

ALONE 

INCUBATED 

TIIROMBOPL. 

ALONE 

INCUBATD 




Clolling lim 

i i 

e in seconds 

1 


1 

4G 

72 

53 

48 

46 

46 

2 

95 

139 

107 

96 

92 

94 


the antithromboplastin effect. Similar trends, though on a larger scale, are 
observed with hemophilic plasma. In contrast, when the 24 hr. old normal 
plasma, which had lost most of its antithromboplastin, was tested, the differ- 
ence between incubated and unincubated specimens was slight. The 24 hr. 
old hemophilic plasma behaved essentially as a fresh specimen of normal plasma. 

The slowing of the rate of prothrombin transformation resulting from an in- 
sufficient amount of calcium probably entails a slower utilization of any available 
thromboplastin. The effect of such a slowing would in turn be magnified by any 
reduction in potency of the thromboplastin, following incubation with plasma. 
An exaggeration of the antithromboplastin effect might then be properly ex- 
pected to occur. Attention has been drawn by Minot and Lee (6) to the rela- 
tively greater clot delaying effect of under-recalcification on hemophilic plasma 
than on normal plasma. The mechanism underlying the elimination of the 
antithromboplastin effect by addition to the plasma of calcium in excess of 
that required for optimum coagulation, is not clear. 

3 Platelets and anlilhromboplastin. Plasma of different platelet content was 
obtained by centrifugation of citrated blood for 1, 10 and 45 min., respectively, 
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at 3,000 RPM. The clotting time of the plain recalcified plasmas and the anti- 
thromboplastin effect of each on 2 solutions of thromboplastin were then meas- 
ured. As shown in table 4, the plasma clotting time becomes shorter and the 

TABLE 3 

Effect of various amounts of calcium on clotting time and antithromboplastin activity of “cell 

free” plasma of different citrate content 

0.3 cc. plasma, 0.1 cc. thromboplastin (0 minute or 5 minutes incubation), 0.1 ce. CaCl- 

solution 


TYPE OP PLAS. 

CITR. IN 
' PLAS. 

INCUBA- 



MOLAR CONCENTRATION CaCl: 





0.027 

0.045 

0.06 

0.074 

0.091 

0.118 

J 0.14 

0.18 

j 0.22 




min. 



C 

lotting ti 

me in sc 

conds 

1 


1 

Normal, fresh 

0.01 M 

0 

59 

53 

50 

59 

73 

99 

103 

167 

J 

- 


5 

126 

111 

76 

78 

87 

103 

100 

145 

i 


0.02 M 

0 

480 

62 

56 

50 

64 

89 

93 

181 

i 



5 

660 

103 

90 

81 

S8 

98 

105 

117 


Normal 24 hr. 

0.02 M 

0 

170 

52 

39 

31 

34 

40 

43 

48 

50 

old 


5 

184 

63 

48 

38 

34 

39 

42 

42 

43 

Hemopli., fresh 

0.01 M 

0 

156 

122 

116 

116 

143 

175 

277 

348 

5M 



5 

232 

181 

172 

178 

179 

197 

237 

275 



0.02 M 

0 

412 

121 

113 

113 

123 

141 


19S 

274 



5 

1216 

190 

IS 2 

171 

170 

184 

187 

227 

i 

237 

Hemoph., 24 

0.02 M 

0 

439 

117 

10S 

104 


115 

126 

1 

215 

hr. old 


5 

626 

165 

147 

132 


133 

136 

140 

154 


TABLE 4 

Effect of number of platelets on anlilhromboplastin activity of a specimen of normal human, 

citraled plasma 




CLOT. TIME OF PLASMA + DIL. THROMBOPLASTIN* 


plasma 

SPEC. no. 

NO. OF PLATELETS 

Sol. A 

Sol. B 

CLOT tine or 
PLASMA ALONE f 


0 minute 
incub. 

5 minute 
incub. 

0 minute 
incub. 

5 minute 
incub. 



tkous./c. mm. 

sec . 

see . 

sec. 

sec. 

sec. 

1 

4 

67 j 

103 

07 

Wmm 

390 

2 

114 

72 

88 

99 

pm i 

195 

3 

420 

67 

76 

96 

■■ 

150 


* 0.3 cc. plasma, 0.1 cc. dil. thrombopl. sol., 0.1 cc. 0.074 M CaCI : . 
f 0.3 cc. plasma, 0.1 cc. 0.074 M CaCl-. 


antithromboplastin effect, diminishes, as the number of platelets increases. This 
is especially evident with the weaker solution of thromboplastin. Plasma con- 
taining intact platelets is, therefore, unsuitable for these experiments. Although 
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during the incubation there is some inactivation of the added thromboplastin, 
upon recalcification fresh thromboplastin is probably released from the platelets* 
thereby offsetting to a variable extent the inactivating effect of the incubation. 
This uncertainty as to the amount of thromboplastin derived from disintegrating 
platelets renders saline or water extracts of washed human platelets likewise 
unsuitable as a source of this material, instead of dilute brain extracts. The- 
oretically, platelets should constitute the best source of thromboplastin for this 
purpose, since the action of antithromboplastin in the circulating blood is prob- 
ably exerted mainly on the products of platelet disintegration. Nevertheless, 
suspensions of washed human platelets, alcohol, ether and distilled water ex- 
tracts of platelets, frozen and thawed distilled water platelet extracts have, so 


HEMOPHILIC BLOOD 



Ttw of Su*6in) of 8 'ooi *ft»r CoMteUc" 

Fig. 2. Changes in prothrombin, platelets, plasma clotting time and antithromboplastin 
in standing hemophilic and normal blood. 

far, in our hands, proved unsuitable as sources of thromboplastin for these ex- 
periments. With none of these extracts has it been possible to reduce the coagu- 
lation time of 0.3 cc. recalcified citrated plasma to 50 sec. or less. 

If plasma is allowed to stand in contact with formed elements of the blood, 
its antithromboplastin is gradually reduced until no trace of it may be found. 
A diminution is detected within the first 90 min. of standing (table 5). At the 
end of the 6 hr. period, when over half the number of platelets has disinte- 
grated, no more activity can be detected. Little change in prothrombin takes 
place during this interval. As antithromboplastin diminishes and more platelets 
are destroyed, the plasma clotting time becomes shorter. If the plasma is kept 
in a paraffin coated tube, the changes may be somewhat delayed. Nearly al~ 
wavs however, no activity may be found after a 24 hr. period of standing. Plate- 
let rich hemophilic plasma may require more than 24 hrs. before all its activity 
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disappears; platelet free hemophilic plasma may maintain some of it for as long 
as 8 days. There is likewise a significant diminution in antithromboplastin 
and in the clotting time of plasma separated from venous blood collected with 
difficulty or that obtained by an incision of the skin. Transient exposure to 
tissue juices usually neutralizes all the antithromboplastin in normal plasma, 
and reduces it somewhat in hemophilic plasma. 

The greater coagulability of plasma after standing in contact with formed 
elements, or with injured tissues must therefore be attributed not only to an 
increased content of free thromboplastin, but also to the diminution of anti- 
thromboplastin. These results emphasize the importance of rapidity and thor- 
oughness in collecting the blood and in separating the plasma from its cellular 
elements, for assurance, before testing the plasma, that there is no cell-bound 
thromboplastin in it. 

4. Fate of an tithromboplaslin in shed normal and hemophilic blood. Twenty 
five cubic centimeters of normal or hemophilic blood were collected rapidly into 

TABLE 5 


Changes in number of platelets, clotting time of the plasma, prothrombin time and antithrombo- 
plastin in a sample of cilratcd platelet-rich plasma, standing in a glass lube at 20°C. before 

being centrifuged and tested 




TIME OF STANDING (jIIN.) 



0 

9° 

iso 

270 

360 

No. of platelets (thous./c.mm.) 

420 

410 

340 

202 

ISO 

Plasma clotting time (sec.) 

320 

267 

235 

150 

130 

Prothrombin time (sec.) 

Plas. + sol. A + CaCL 

12.4 

12.5 

12.7 

12.5 

13.5 

0 minute incubation (sec.) 

65 

69 

73 

77 

65 

5 minutes incubation (sec.) 

95 

93 

85 

82 

| 62 


an oiled syringe, without anticoagulants, and allowed to stand in a covered 
paraffin coated tube at 20°C. At the intervals shown in figure 2, 2.7 cc. of blood 
were removed from the tube into 0.3 cc. of a 0.129 M sodium citrate solution. 
After counting the free platelets, the mixture was centrifuged for 45 min. at 
3,000 RJPM and the plasma examined. Normal blood standing under the speci- 
fied conditions shows little change in the first 5 min. Between 5 and 15 min. 
there is a diminution in the number of platelets and in antithromboplastin, 
accompanied by an increase in free thromboplastin as indicated by shortening 
of the plasma clotting time. For the next 10 min. these changes become even 
more pronounced, until no significant amount of antithromboplastin can be 
detected and gross clots begin to appear. The prothrombin, which up to this 
time had been unchanged, begins to decline, and coincident with it, massive 
clotting occurs. In a specimen (not shown in the figure) collected at 35 min., 
and consisting principally of serum, the prothrombin was 7 per cent of normal, 
the platelets 20,000 per c.mm., the plasma clotting time 440 sec. (thready clot) 
and there was no trace of antithromboplastin. As a contrast, in hemophilic 
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blood, only after 55 min. have elapsed and proportionately more platelets have 
been destroyed, is a pronounced decrease in antithromboplastin observed. 
Then, clots appear, the prothrombin begins to decline and the plasma clotting 
time shortens. 

It appears, therefore, that in blood shed without contact with tissue juices 
or water wettable surfaces, actual coagulation (formation of thrombin and fibrin) 
occurs relatively late, though it proceeds rapidly once it has begun. This fact 
is supported by the knowledge that no significant change occurs in the viscosity 
of shed blood and no fibrin may be observed in it under the ultramicroscope 
until after several minutes of standing (7,8). Most of the time interval between 
collection of blood and appearance of clots appeal's to be taken up with the 
slow release of thromboplastin from disintegrating platelets, and its inactivation 
by antithromboplastin. After the latter is depleted, any thromboplastin sub- 
sequently released from the remaining platelets (or leukocytes) apparently acts 
directly on prothrombin. These observations make it seem unlikely that free 
thromboplastin exists, as proposed (13, 10), in the circulating blood. If such were 
the case the activation of prothrombin should begin as soon as the blood is shed. 

5. Effect, of dilution. Fresh, normal or hemophilic “platelet free” plasma was 
diluted 1-2, 1-4, etc. with 0.85 per cent NaCl, and the activity of 0.2 cc. of each 
dilution tested on either sol. A or B by the methods described. The tests must 
be run immediately after each dilution is made, as diluted plasma loses its anti- 
thromboplastin potency rapidly on standing. Dilution diminishes the ability 
of the plasma to reduce the clot accelerating action of thromboplastin (table 6) 
until a point is reached when the difference between the clotting times of incu- 
bated and unincubated plasmas is not materially greater than that between 
the incubated and unincubated controls (0.85 per cent NaCl and thrombo- 
plastin). A test of the thromboplastin inactivating effect of serial dilutions 
of a given plasma might, therefore, be used as a measure of its antithrombo- 
plastin activitjy Such activity may be expressed in terms of the smallest 
amountvof plasma which, when incubated with a given volume of a standard 
solution of thromboplastin, will significantly reduce its clot accelerating action. 

A significant reduction is considered to exist when such incubation raises the 
clotting time of the diluted plasma 5 or more sec. above that of a control (throm- 
boplastin solution incubated with 0.85 per cent NaCl). The minimum amount 
of normal plasma required to yield a clear inhibitory effect on 0.1 cc. of sol. A is 
fairly constant: 0.013 cc., or a 1-15 dilution of normal plasma; only 0.006-0.005 
cc. of hemophilic plasma (or 1-30 to 1-40 dilution) is needed to produce the same 
effect. Against the weaker solution of thromboplastin (solution B), greater and 
more widely divergent amounts of normal plasma are required: 0.1 to 0.033 
cc., (1-2, 1-6 dilution) while only 0.006-0.004 cc. of hemophilic plasma are neces- 
sary. These findings seem to indicate a clot decelerating activity in hemophilic 
plasma at least 5 to 8 times greater than normal against thromboplastin solutions 
producing a clotting time of about 100 sec. In any statement regarding degree 
of antithromboplastin activity it is important to specify the clotting time of the 
mixture in which the activity is being tested. While hemophilic plasma mam- 
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TABLE 6 


Effect of incubating 0.2 cc. of various dilutions of plasma from 5 subjects (8 hemophilic and 2 
normal ) icilh 0.1 cc. of either of 2 thromboplastin solutions, before recalcification and 

addition of 0.1 cc. of plasma 


AMOUNT OF 
PLASMA IN 

0.2 CC. 

INCUB. 

PERIOD 

SUBJECT 

S. M. (hemo.) 

N. F. (hemo.) 

| D. W. (hemo.) 

R. B. (Norm.) 

J. L. (Norm.) 

Type of thromboplastin solution 

A 

B 

A 

B 

A 

B 

A 

B 

A 

B 










0.2 

0 

54 

9S 

6i ; 

112 

69 

112 

54 

114 

57 

106 


5 

93 

141 

100 

159 

110 

162 

76 

136 

76 

126 

0.10 

0 . 

45 

96 



63 



117 

53 

102 


5 

81 

140 



106 

142 


128 

64 

123 

0.05 

0 

47 

96 






114 

54 

99 


a 

69 

134 






116 

62 

120 

0.033 

0 

45 






52 

111 

53 

104 


5 

67 






68 

111 

62 

115 

0.02 

0 

45 

106 

60 

ss 



48 


51 

98 


5 

65 

136 

91 

117 



61 


60 

104 

0.013 

0 

46 

106 





48 


50 



5 

64 

130 





56 


59 


0.01 

0 

46 

106 

62 

97 

62 


49 


51 



5 

61 

128 

S4 

119 

83 

131 

53 


51 


0.0065 

0 

49 

110 


95 

61 


49 


50 



5 

59 

12S 


111 

70 

126 

49 


52 


0.005 

0 

52 

109 

64 

91 

5S 

111 

50 


51 



5 

60 

116 

71 

106 

66 

116 

48 


51 


0.004 

0 

51 

10S 

65 

i 

92 

64 

112 






5 

55 

110 

69 

103 

64 

114 



' 


0.0033 

0 

53 

113 


91 








5 

55 

110 


9S 







O.S5% NaCI 

0 

53 

10S 

66 

90 

60 

112 

47 

111 

50 

102 


5 

54 

106 

65 

96 

63 

115 

49 

115 

51 

103 

Antithrombopl. Titer* 











(cc.) 




0.005 

0.004 

0.006 

0.006 



0.013 

0.033 

Plas. clotting time 











(sec.) 


2100 

3060 

3300 

370 

354 


* Minimal amount of plasma capable of exerting a significant antithromboplastin effect. 
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tains, and even increases its activity as the clotting time of the mixture becomes 
longer (fig. 1) it is not possible to demonstrate this property in normal plasma 
when the clotting time reaches 130 sec. or over. A convenient point for com- 
parison is that when the 2 unincubated plasmas clot at approximately the same 
time, with a thromboplastin which is not potent enough to overwhelm the in- 
hibitors. A measure of activity at such levels may, however, apply only to 
comparisons between hemophilic and normal plasmas. For a comparison of 
antithromboplastin content of hemophilic plasmas from various subjects, slower 
acting thromboplastins are desirable. 

6. Effect of heating. Temperatures of 45° or 50°C. for 5 min. impair somewhat 
the clot decelerating activity of plasma. Greater impairment follows heating 
at 55°, and at G5° all activity is destroyed. Antithromboplastin seems to be 
slightty more heat stable than prothrombin (which is almost entirely destroyed 
at 55°C.), and not as stable as antithrombin (which resists 60° for 10 min. with- 
out much loss in activity). This and the fact that antithromboplastin is almost 
absent from the blood when thrombin formation begins, makes it seem that the 
natural anti thromboplastin of the plasma is entirely distinct from the natural 
antithrombin. Another indication of the close specificity of the reaction be- 
tween thromboplastin and antithromboplastin is obtained by noting the effect of 
heating the thromboplastin. Temperatures of 100°C. (15 rains.) not only im- 
pair its clot accelerating power but almost abolish its susceptibility to antithrom- 
boplastin. 

7. Species specificity. For a clear demonstration of antithromboplastin ac- 
tivity, the brain extracts used as sources of thromboplastin must come from 
animals of the same species as the plasma being tested. The greatest clot de- 

- celerating effect is observed when human thromboplastin is incubated with hu- 
man plasma ; a significant though not as great an effect takes place when rabbit 
thromboplastin is incubated with human plasma. There is either no significant 
change or a shortening of the clotting time following incubation of other 
animal thromboplastins with human plasma. The practice of using heterolo- 
gous thromboplastins in studies on blood coagulation may be one reason why 
antithromboplastin activity has not heretofore been observed in human plasma. 

8. Antithromboplastin in plasma globulin fractions. “Platelet free” citrated 
plasma separated from hemophilic blood was divided into 3 portions of 10 cc. 
each: 1, left intact; 2, mixed with 25 mm. 3 of concentrated human thromboplas- 
tin and incubated for 15 min. ; 3, heated to 65°C. for 5 min. and cooled. To each 
of these portions, 90 cc. of cold distilled water was added, followed by 1.5 cc. of 
1 per cent acetic acid, slowly. The cloudy precipitate was packed down by 
centrifugation and, after removal of the supernatant fluid, dissolved in 5 cc. of 
0.85 per cent NaCl and carefully neutralized with dilute NaOH. One sample of 
10 cc. of intact normal plasma, collected with the same precautions, was handled 
likewise. The globulin fraction isolated from hemophilic plasma exerts a clear 
decelerating effect on the two standard dilute thromboplastin solutions (table 
7) The fraction isolated from intact normal plasma has some activity, though 
less than that obtained from hemophilic plasma. No activity is present in the 
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fractions separated from hemophilic plasma after preliminary incubation with 
tissue extract or after heating to 65°C. for 5 min. 

One of the explanations for the slow coagulation of hemophilic blood is that >■ 
its prothrombin is abnormally slow in being transformed into thrombin (2, 9). 
The validity of this explanation, based on the behavior of prothrombin solutions 
prepared by dilution and acidification of the plasma has been challenged by 
Howell (10). Prothrombin, isolated by his acetope precipitation method, be- 
haves alike whether obtained from hemophilic or normal plasma. According 
to Howell, if dilution and acidification are used, the “plasma thromboplastin” 
(free thromboplastin) is brought down with the prothrombin; since hemophilic 
plasma has a low content of free thromboplastin, any prothrombin solution pre- 

TABLE 7 


Anlithrombcplaslin activity of globulin fractions ‘precipitated by dilution mid acidification of 
variously treated hemophilic and normal plasmas 
Figures in the body of the table represent clotting time in seconds 


TEST SOLUTION OF THROMBOPL.* 

SOURCE OF THE GLOBULIN SOLUTION 

control! 

1. Intact 
hemoph. 
plasma 

2. Hemoph. 
plasma + 
thrombopl. 

3. Heated 
hemoph. 
plasma 

4. Intact 
normal 
plasma 

Sol. A 






0 minute ineub 


46 

58 

47 

43 

5 minutes incub 


50 

63 


41 

Sol. B 






0 minute incub 

S4 

74 

S9 

S7 

95 

5 minutes incub 

140 

82 

91 


92 


* Contents of each tube: Without incubation: 0.1 cc. fresh plasma, 0.1 cc. “globulin 
solution,” 0.1 cc. 0.025 M CaCfi, 0.1 cc. thrombopl. sol. A (or B). With incubation: 0.1 
cc. “globulin solution,” 0.1 cc. thrombopl. sol. A (or B), incubation; 0.1 cc. 0.025 M CaCl 2 , 
0.1 cc. fresh plasma. 

f Contents of mixtures as above, except that the globulin solution is replaced bj r 0.85 
per cent NaCl. 

pared from it by this method will behave differently from one prepared from 
normal titrated plasma, which has a higher content of free thromboplastin (10). 
The present experiments indicate that the difference in behavior of such pro- 
thrombin solutions must also be attributed, in part at least, to the greater con- 
tent of antithromboplastin in the hemophilic plasma fractions. 

Comment. The foregoing evidence appears to indicate that fresh plasma, 
collected with special precautions, has the property of reducing the clot accelerat- 
ing action of dilute brain tissue extracts. This property is probably the manifes- 
tation of the existence in noimal plasma of a substance (or group of substances) 
endowed with antithromboplastic activity (15). The demonstration of this 
property is made possible only because addition of sodium citrate to blood 
immobilizes the prothrombin, thereby preventing its activation by thrombo- 
plastin. While prothrombin is not in a reactive state, incubation of plasma with 
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the thromboplastin solution supplies an opportunity for the inactivating effect 
of antithromboplastin. When the plasma is recalcified, the prothrombin again 
becomes reactive; since, however, the potency of the thromboplastin has, mean- 
while, been reduced by incubation with the plasma, the conversion of prothrom- 
bin to thrombin is correspondingly delayed. Incubation with plasma in which 
the antithromboplastin had already been exhausted in one way or another, 
would not be expected to (and does not) affect appreciably the clot accelerating 
action of the thromboplastin solution. Evidence is now available (4) that in 
the reaction between thromboplastin and prothrombin some of the thrombo- 
plastin is consumed. 

When blood, shed without admixture of tissue juices, is allowed to stand “in 
vitro” a number of platelets (probably less than 10,000 per cmm., or the platelets 
at or in the immediate vicinity of the blood-glass and blood-air interfaces), swell 
and disintegrate, releasing a small amount of thromboplastin which is at once 
inactivated. This process continues until all the antithromboplastin is ex- 
hausted, and prevents the free thromboplastin from reaching a sufficiently high 
concentration to act at once on prothrombin. Whenever and wherever in the 
plasma, enough free thromboplastin is available bey r ond that which has been 
inactivated, it acts on prothrombin and transforms it into thrombin. The even- 
tual excess of the accelerator over its antagonist in normal standing blood, 
assures a moderately rapid conversion of a large amount of the prothrombin. 
Since there is an excess of antithromboplastin in hemophilic blood, however, a 
correspondingly greater amount of free thromboplastin, and a longer time, will 
be required for this neutralization. As pointed out by several investigators 
(2, 11, 12) hemophilic blood or plasma can be made to clot within a normal 
period of time by the addition of an excessive amount of platelets or tissue 
extract. 

Even though, at first sight, the inhibitory effect of antithromboplastin may 
appear small when compared with the time required for coagulation of hemo- 
philic blood, it must be remembered that in these experiments, this inhibiting 
property of the plasma is being tested against larger amounts of thromboplastin 
than are ordinarily released, at one time, in blood circulating in the body or 


standing “in vitro.” Moreover, the delay'- in the inception of clotting of hemo- 
philic blood resulting from an excess of antithromboplastin must also exert, 
indirectly, a cumulative retarding influence on succeeding or associated changes 


in the blood (platelet disintegration, prothrombin transformation) and may even 
help to enhance the effectiveness of antithrombin. Each -of these secondary 
effects, namely, slowness of platelet disintegration (6), low content of free throm- 
boplastin in the plasma (10, 13), retarded transformation of prothrombin (9), 
excess of antithrombin (14), has been proposed, at one time or another, as the 
primary cause of the coagulation delay. The direct evidence in support of these 
proposals has, however, not been altogether satisfying. The abnormal stability 
conferred on hemophilic plasma by its excess of antithromboplastin is probably 
responsible for the imperfect performance of those functions (15). 
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SUMMARY 

1. In plasma separated from normal human blood, collected with especial 
precautions, there is a substance (antithromboplastin) which on incubation with 
dilute extracts of homologous brain tissue, reduces the clot accelerating action 
of these extracts. 

2. Antithromboplastin is exhausted during the stage preceding the inception 
of clotting; it has a certain degree of species specificity, is made ineffective by 
dilution, by heating (65°C. for 5 min.), by exposure to tissue juices, or by stand- 
ing, especially in contact with blood cells. 

3. By reducing the amount of available free thromboplastin released from 
blood or tissue cells, and thereby delaying the activation of prothrombin, anti- 
thromboplastin may play an important role in maintaining the fluidity of cir- 
culating blood and in postponing the inception of clotting of shed blood. 

4. Hemophilic plasma has an activity 5 to 8 times greater than that of normal 
plasma against certain thromboplastin solutions. In standing shed hemophilic 
blood, more free thromboplastin and a longer time is required for the neutraliza- 
tion of anti thromboplastin than in standing normal blood. An excess of anti- 
thromboplastin is probably the primary cause of the delay in the inception of 
clotting of hemophilic blood. 
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Basal metabolism studies have been made by the workers of the North Cen- 
tral States Co-operative Regional Project as a part of the study of the nutritional 
status of college women. Early in the study it became necessary to define 
basal metabolism to provide a uniform method of selection of the data to be 
used in expressing the results. A review of the literature disclosed that several 
criteria were used for the expression of the mean basal metabolism. 

The diversity of methods used to select data apparently has been due in part 
to lack of agreement in the interpretation of the concept of basal metabolism. 
In the minds of some workers, basal metabolism has been the lowest waking 
metabolism obtainable, though there is nothing implicit in the definition which 
makes such an interpretation necessary (Means, 1937). More recently the con- 
cept of variability in the basal metabolism has developed. Boothby et al. 
(1936) stated that basal metabolism, as it is measured in the laboratory, 
is not a lowest or fixed metabolism, but rather a random sample of the metabo- 
lism observed under certain arbitrary defined conditions. Rigid adherance to 
the conditions of measurement will standardize but not fix the response (Boothby 
et al., 1937). From this point of view the selection of the minimum value to 
express basal metabolism violates a fundamental principle of the theory of ran- 
dom sampling. 

There would be little confusion if each testing laboratory would define their 
experimental plan and report all data Collected. However, detailed compari- 
sons have been attempted between bodies of data which ignore differences which 
could be due entirely to the selection of the figures employed. In fact, since 
most experimenters report only that part of their data which they believe perti- 
nent, the material necessary for the evaluation of variability is lost to the reader. 
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Berkson and Boothby (1938) presented their studies on variability in basal 
metabolism. In this publication the variability present in a series of basal 
metabolism observations was broken down into several parts and the role of 
each defined. 

Wishart (1937) has suggested that the metabolism of women, particularly 
those individuals not living a strictly routine life is especially subject to varia- 
tion. Rogers (1939) found that a non-student group showed a more uniform 
basal metabolic rate than the college group and believed it probable that the 
more settled manner of living of the non-student group might account for this 
difference. 

The study herein reported uses all data except those observations discarded 
in the laboratory for obvious technical error or non basal condition. An at- 
tempt will be made to answer two questions: What effect does the selection of 
figures have on the derived mean basal metabolism, and, is the character of the- 
sample changed b 3 r selection? Standard deviations of the observations on col- 
lege women by the co-operative laboratories are presented as the first contribu- 
tion of this type on the variability of the basal metabolism of college women. 

Experimental. Data are reported from the laboratories of Iowa State 
College, Kansas State College, the University of Minnesota, and Oklahoma 
Agricultural and Mechanical College. Uniform methods were used as defined 
in the reports of the co-operating group to study the Nutritional Status of College 
Women (Master Project, 1936 and Minutes of conference meetings, 1936-1940). 
The subjects were volunteer women students from '17 to 23 years of age. All 
were judged free from disease known to affect the basal metabolism. It was 
the intention of the investigators to stud 3 r a student throughout her four 3 r ears 
of college residence. This intention was realized within the limitations of the 
student’s college career. Because of withdrawal from college a certain number 
were studied for onty one 3 r ear. These individuals have been identified as the 
“nonrepeat” group. Individuals observed for more than one 3 r ear have been re- 
ferred to as the “repeat” group. All academic 3 r ears have been studied although 
first year observations onh’ made from 1936 to 1939 are reported in this paper. 6 

The basal metabolism was measured b\ r the Benedict-Roth closed circuit 
respiratoiy apparatus with a rubber mouth piece and a nose clip. All equipment 
was calibrated and checked l;w accepted means. The subjects came to the lab- 
oratory in the morning immediately after rising and with as little expenditure 
of energ 3 r as possible. The 3 r rested in bed for at least one-half hour in a room 
as free from external stimuli as possible prior to making the test. In general, 
the procedure used was to make two tests on each of two successive or nearty 
successive mornings, with the exception of the Oklahoma laboratoiy, where 
three tests per morning were made. The principles of the test were explained 
to each subject prior to the first experimental da 3 r . Careful records were kept 
of dates of menstruation and irregularities in the previous twenty-four hour 
routine. • Periods of unusual campus unrest such as examination, etc., were 

6 Because of certain group differences in the variability' of the basal metabolism the segre- 
gation of students into "repeat” and "nonrepeat” series has been followed in this paper. 
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avoided. All data were recorded unless at the time of the test and before calcu- 
lation some error in technic was noticed or the patient was in non-basal condition. 
From preliminary analyses it was shown that age differences were an unimpor- 
tant factor in the present analyses. 

The data have been segregated by four common methods of selection: first, 
on the assumption that the six minute observation periods were random samples 
of the 24 hour basal metabolism, all data regardless of check in clinical percentage 


TABLE 1 

Mean metabolism and standard deviations based on different methods of selection of data. 

Nonrcpcat data by slate 


SOURCE OF VARIATION 

CALORIES PER SQUARE METER PER HOUR 

| All observations 

All check 
within 5% 

Lowest on 
each day 
check within 
5% 

First 

observation 

1 only 

: 

Iowa State College 


Mean 

34.99 

35.00 

34.65 

Standard deviation 

2.S2 

2.55 

2.59 

Number of individuals 

94 

53 

53 

5% fiducial limit 

34.70-35.27 

1% fiducial limit 

34.61-35.36 








Kansas State College 


Mean 

34.45 

33.75 

— 

Standard deviation 

3. IS 

2.63 

HEVSffl 

Number of individuals 

20 

12 

12 

5% fiducial limit 

33.74-35.15 

1% fiducial limit 

33.51-35.39 







Oklahoma Agricultural and Mechanical College 


Mean 

33.65 

34.15 

33.39 

34.04 

Standard deviation 

2.21 

1.95 

1.91 

2.42 

Number of indivi duals 

19 

9 

9 

19 

5% fiducial limit 

33.24-34.05 




1% fiducial limit 

33.10-34.19 





were averaged; second, all observations on individuals for whom both the tests 
within a day and the tests from day to day checked within five percent were 
averaged; third, the metabolism of a given individual was taken as an average 
of the lowest values on each of two days which checked within five percent 
(DuBois, 1930) ; fourth, only the first observation made was considered (Booth- 
by, Berkson and Dunn, 1936). 

The statistical methods and terms used are those of Snedecor (1940) or verbal 
. recommendations of the staff of the Iowa State College Regional Statistical 
Laboratory. All of the variability measures presented were obtained from data 




















VARIABILITY OF BASAL METABOLISM IX WOMEN 


283 


on the same subjects rather than from the unequal groups as presented by 
Berkson and Boothby (1938). 

Results. Tables 1 and 2 give for each state the means, the standard devia- 
tions of the means and the five and one percent fiducial limits obtained by the 
four methods of selection of data. 


TABLE 2 

Mean metabolism and standard deviations based on different methods of selection of data. 

Repeat data by state 



CALORIES PER SQUARE METER PER HOUR 

SOURCE OF VARIATION 

All observations 

All check 
within 5% 

Lowest on 
each day 
check within 
5% 

First _ 

observation 

only 


Iowa State College 


Mean 

35.46 

35.37 

34.97 

Standard deviation 

2.39 

2.23 

2.30 

Number of individuals 

48 

35 

35 

5% fiducial limit. 

35.12-35.79 

1% fiducial limit 

35.01-35.91 







Kansas State College 


Mean 

33.61 

33.89 

33.54 

Standard deviation 

2.74 

2.70 

2.77 

Number of individuals 

22 

12 

12 

5% fiducial limit 

33.03-34.19 

1% fiducial limit 

32.84-34.38 







University of Minnesota 


Mean 

35.17 

35. OS 

34.63 

35.29 

Standard deviation 

2.95 

2.S5 

2.83 

2.93 

Number of individuals 

73 

42. 

42 

73 

5% fiducial limit 

34.83-35.51 




1% fiducial limit 

| 34.72-35.62 









Oklahoma Agricultural and Mechanical College 


Mean 

34.64 

34.20 

33.52 

35.03 

Standard deviation 

2.58 

2.71 

2.75 

2.67 

Number of individuals 

21 

11 

11 

21 

5% fiducial limit 

34.20-35.08 




1% fiducial limit 

34.07-35.22 

i 






• 



The mean obtained by using all the data is very close to that obtained by using 
only those data which check within five percent. In all cases except the Okla- 
homa nonrepeat group, the highest mean is obtained when the first observation 
only was used; the lowest, by method three, from the average of the lowest 
observations only. Quantitatively, the differences were not great under the 
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conditions of this experiment in which a series of observations were made on 
each individual. 

For example, in the Iowa nonrepeat group, 34.99 calories per square meter 
per hour was the mean of the sample. The one percent fiducial limits of the 
mean of the population from which this sample was drawn were 34.61 to 35.36 
calories per square meter per hour. The mean of the observations checking 
within five per cent (35.00 calories per sq. m. per hr.) fell between these limits. 
This was true for both the repeat and nonrepeat groups of the Kansas and Min- 
nesota data. The Oklahoma mean for tests which checked within five percent, 
34.15 calories per square meter per hour, was just above the upper five per cent 
fiducial limit, 34.05 calories per square meter per hour but was within the one 
percent fiducial limit. For the repeat subjects the corresponding Oklahoma 
mean, 34.20 calories per square meter per hour, fell' just on the lower five per- 
cent fiducial limit. Apparently these unusual deviations of the Oklahoma data 
were accidents of sampling since they were not consistent. The majority of 
evidence tended to indicate that no bias in the mean was introduced by selection 
of only those data which checked within five per cent. 

Selection of the lowest observation on each of two days which checked within 
five percent gave, in every case, a mean less than that obtained by using all 
observations. In all cases except the Oklahoma nonrepeat and Kansas repeat 
series there was less than one percent probability that the mean selected by 
this method was unbiased. Oklahoma nonrepeat and Kansas repeat series fall 
within the limits of low probability'. 

The means based on the first observations on each subject did not give con- 
vincing evidence of bias. They were somewhat higher in every case than the 
means obtained by the use of all data; however, they were not higher than the 
fiducial limits except in the case of the Iowa repeat group. In the latter in- 
stance, the mean obtained by this method, 35.92 calories per square meter per 
hour, falls just outside of the one per cent probability (35.91). 

It will be noticed that the insistence upon a five per cent check very materially 
reduced the available information, since only from 47 to 73 per cent of the data 
could be used in any series. However, a more serious criticism was the intro- 
duction of bias into the variance in all cases of selection. Since a biased vari- 
ance invalidates a test of significance, there is no possibility of statistical treat- 
ment of such data. If, then, statistical methods are to be used in studying basal 
metabolism data, the data must include all of the technically accurate observa- 
tions with no selection after the results have been accepted and calculated. 

In table 3 are presented, by state, analyses of variance of basal metabolism 
using all data obtained. 

Certain practical implications may be drawn from the analyses concerning 
the number of observations necessary to establish the basal metabolism of a 
given individual. Since the variation within observations on the same day was 
so small, only one observation per day would seem to be necessary. Since, 
however, ' the variance between days of observation on the same individual was 
highly significant in the case of Iowa and Minnesota, and significant in the cases 
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of Kansas and Oklahoma, observations on more than one day are necessary to 
establish the basal metabolic rate of the individual. In the clinic one observa- 
tion made by an experienced technician should be sufficient to distinguish the 
pathologic individual. For careful physiological work repeated observations on 
different days are a necessity. Since little advantage is gained in taking more 

TABLE 3 

Analysis of variance of basal metabolism using all observations. Nonrepeal and repeat 

groups by stale 


CALORIES PER SQUARE METER PER HOUR 


1 

SOURCE OF VARIATION 1 

Nonrepeat group 

Repeat group 


D.F. 

Mean square 

D.F. 

Mean square 


Iowa State College 


Total • 

375 


191 


Individuals 

93 

24.75** 

47 

IS. 02** 

Days on individual 

94 

4.611** 

48 

2.797** 

Within day 

188 

1.353 

96 

1.171 



Kansas State College 


Total 

79 


87 


Individuals 

19 

32.34** 

21 

23.645** 

Days on individual 

20 

4.53S* 

22 

3.5014 

Within day y . . . . 

40 

2.315 

i 

44 

1.7861 



Oklahoma Agricultural and Mechanical College 


Total 



137 


Individuals 



20 

34.62** 

Days on individual 

19 

3.354* 

21 

1.955 

Within day 

77 

1.937 

96 

1.868 


University of Minnesota 

Total 



291 

72 


Individuals 



28.63** 

Days on individual. 

1 


73 


Within day 

i 

1 


146 

1.213 


* Statistically significant. 

** Statistically highly significant. 


than one observation per daj r on an individual, the best proposal for the use of 
experimental time would be to make a single observation each morning on as 
many individuals as time permitted. These individuals should be checked on 
later days. 

Table 4 presents a comparison of variability data for the college group with 
similar data obtained at the Mayo Clinic (Berkson and Boothby, 1938). The 
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calculations for the college group were made according to Snedccor (1940, chap. 
17) and Winsor and Clark (1940). As expected, the inter-individual variability 
(Sj) was in every instance greater than the intra-inclividual variability (sj) so 
that individuals are distinguished. Except for the relatively small Oklahoma 
group, the college women presented slightly but consistently higher variabilities 
than the Mayo Foundation group. Considering the great difference in the 
sample from which these data were obtained the agreement between this work 
and that of the Mayo Foundation figures is notable. Though the differences in 
the size of the standard deviations of the college groups and the Mayo Clinic 
group are not large enough to warrant any positive assertions, it would seem 
that college students did show a somewhat more variable basal metabolism 
which might be associated with the lack of routine in college living. 


TABLE 4 

Variabilities of basal metabolism of college women expressed as standard deviations in 

calorics per square meter per hour 


! 

STANDARD DEVIATION 

1 

IOWA 

KANSAS 

aiinn£- . 

SOTA 

OKLAHOMA 

MAYO 

Repeat 

Non- 

repeat 

Repeat 

Non- 
repeat j 

Repeat 

Repeat 

Non- 

repeat 

CLINIC* 

s total inter-individual 


2.83 

2.77 


2.95 



2.42 

Si inter-individual 


2.24 

2.24 


2.49 



1.81 

Intra-daily intra -individual 

1.41 

1.73 

1.34 

1.62 

1.10 

| 1.37 



Da 3 r -to-day intra-individual 

0.90 

1.28 

0.93 

1.05 

1.14 

I 0.31 


0.96 

Si intra-individual 

1.08 

1.16 

1.63 

1.85 

1.58 

1.41 

1.62 

1.61 

Number of individuals 

48 

94 

22 

20 

73 

21 

19 



* Berkson and Boothby (193S). 


It will be noted that in each school the nonrepeat groups showed a greater 
variability than did the repeat group. When it is recalled that the nonrepeat 
group is made up for the most part of individuals who left college before they 
could be observed a second year, one might engage in interesting speculation, 
particularly since the number of tests observed for each student was the same 
and all tests were done in the first year in college. 

SUMMARY 

A study has been made of the effect which the selection of data exerts on the 
mean basal metabolism. Of the four methods of selection commonly employed, 
only one, that of averaging the lowest values on two days which checked within 
five per cent, gave a mean which was biased. When only the first observation 
on each subject was used, the mean was slightly higher than that obtained using 
all the data. It made little difference in mean metabolism whether all data 
were used or whether a selection was made involving only those data which 
checked within five percent. Any selection of data resulted in elimination of 
nearly 50 per cent of the data. However, selective sampling schemes bias the 
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variance. Bias of the variance invalidates the test of significance and statistical 
methods then cannot be applied to basal metabolism data which have been sub- 
jected to selection. 

Anatysis of variance indicated that in order to determine the trend of an in- 
dividual’s basal metabolism only one observation per day is needed, but that 
more than one day of observation should be used. 

Standard deviations for total inter-individual, inter-individual, intra-indivi- 
dual, intra-daily intra-individual, and day to day intra-individual variabilities 
are presented for the basal metabolism of college women. 

The variabilities of the repeat groups are somewhat less than the nonrepeat 
college groups. 
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Previous investigators have found that physiological precocity, as indicated 
by early mcnarche in girls, is usually associated with precocity of growth in 
body size. Even at the age of S or 9 years, girls who begin menstruation at the 
age of 10 or 11 years, are taller and heavier than girls who do not begin to men- 
struate till they are 14 or. 15 years of age (8, 10, 11). However, few studies of 
the physiological differences between early and late maturing girls have been 
made. The following study was planned to throw light on this question and to 
determine the effects of menarche on basal physiological functions in normal 
girls 

Experimental. Subjects for this study (50 girls) were chosen from the 
public schools of Oakland, California, solely on the basis of the willingness of 
their parents to co-operate in a long-term study and the probability of their 
permanent residence in the community. Xo physical or physiological charac- 
teristic of the child was used as a criterion of selection. The children were first 
tested when they were between the ages of 11 and 12 years (mean age 11.87 
years; S.D. 0.5 year) and were re-tested at six month intervals over a six year 
period. The following test procedure was followed on each of two successive 
mornings: The children were brought to the laboratory by automobile before 
breakfast. Upon arrival, each child lay down on a cot for a 20-minute rest 
period before measurements were recorded. Sj'stolic blood pressure was read 
by the auscultatory method at the first sound and diastolic pressures at the 
fourth sound. The mean of three determinations made at 8-minute intervals 
was used for tabulation. Pulse rates were counted over half-minute intervals 
immediate following each blood pressure determination. The average of three 
observations was used in the tabulations. Basal oxygen consumption was 
measured over three 8-minute periods by the Tissot open circuit method (3). 
Siebe-Gorman half-masks were used for collecting the expired air, and expired 
air was separated from inspired air with Bailey mercury valves (1). The basal 
respiratory volumes were computed, reduced to standard conditions of 0°C. and 
760 mm. Hg. The average values for tests made on the two successive days 

1 Assistance in the preparation of these materials was furnished by the personnel of 
Work Projects Administration, Official Project nos. 465-03-3-631, Unit A-S and 65-1-08-62, 

Unit A-S. . 

The Oakland Public Schools co-operated in making subjects available for this resenren. 

2 Now Senior Psychophysiologist, United States Public Health Service, National Insti- 
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were calculated for each subject. These averages were used in the present 
analysis. 

Each month a report was obtained from each girl of the day on which the 
menstrual flow began and the day on which it ended. In this way accurate 
dates of first menstruation were obtained. The age of menarche used in this 
study was the age at the first reported flow, whether regularly maintained there- 
after or not. Many irregular periods were reported during the first several 
months of menstruation in this group of girls (2). 

Results. For each girl the time (or age) at which the physiological tests 
were made was expressed as months before or after menarche, instead of as 
chronological age. Mean values of blood pressure, pulse rate, basal respiratory 
volume and basal oxygen consumption were computed for each six month in- 
terval before or after menarche. 

The results of this analysis are shown in curves plotted as figures 1, 2, 3 and 
4. If at menarche there were a sudden change in physiological conditions with- 
in the body which produced changes in blood pressure, for instance, curves 
plotted in the manner outlined above would show a sudden change in slope or 
direction of trend at the time of menarche. Examination of the curves of figure 
1 shows that rising systolic blood pressure in girls occurs prior to menarche and 
that with the beginning of menstruation, or shortly thereafter, the systolic 
blood pressure reaches a level beyond which no sj r stematic change occurs. No 
systematic changes in diastolic blood pressure were observed. The pulse pres- 
sure changes (fig. 2) are prinmrity a reflection of the changes in systolic pressure 
that occur at menarche. 

Figure 2 shows that basal pulse rate rises in girls over the pre-menarcheal 
period. In the present group of girls the pulse rate began to fall, on the average, 
6 to 12 months prior to the beginning of menstruation. The basal pulse rate 
of girls continues to decrease throughout the remainder of the adolescent period. 

At menarche there is a sudden cessation in the increase in basal respiratory 
volume which has been proceeding throughout the pre-pubertal period (fig. 3). 
Since total respiratory volume is influenced by body size, basal respiratory vol- 
umes were calculated per unit of surface area for each girl. (Surface areas were 
computed from height and weight by the DuBois (5) formula.) With this cor- 
rection for the effect of body size, values for basal respiratoiy volume begin to 
decrease prior to menarche and decrease more rapidly in the two years following 
menarche. 

Figure 4 shows that prior to menarche the basal oxygen consumption in girls 
has attained more or less stable values at a relatively high level of consumption. 
With the beginning of menstruation (or even 6 .to 12 mos. before), there is a 
sudden rapid fall in basal oxygen consumption. Thus the decrease in basal 
metabolism which characterizes the adolescent period takes place rather rapidly 
over the two or three years following menarche. 

Discussion. The results of this study do not lend support to the view that 
the beginning of menstruation in girls produces any sudden alteration in physio- 
logical conditions which are reflected in pulse rate, blood pressure or basal 
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metabolism. Although there may be a quickening of the rate ;of "change in 
oxygen consumption and pulse rate, for instance, after menarehe, the curves 
show that in many individual girls the decrement began 6 to 12 months before 




Fig. 1. Effect of menarehe on blood pressure in girls. Average values’ calculated for 
6-month intervals before and after menarehe for 50 girls. Zero time is taken for each girl 
at the age when she first menstruated . 

— systolic blood pressure; diastolic blood pressure. 

Fig. 2. Effect of menarehe on pulse rate and pulse pressure in girls. See legend of figure 
1 for complete description. 

pulse rate; pulse pressure. 

Fig. 3. Effect of menarehe on basal respiratory volume in girls. See legend of figure 1 
for complete description. 

— liters per minute; liters per square meter per minute. 

Fig. 4. Effect of menarehe on basal heat production in girls. See legend of figure 1 for 
complete description. ' 

basal heat production, calories per square meter per hour. 

menstruation occurred. Thus it is safer to regard this period of rapid fall m 
metabolism as another aspect of maturity which ordinarily occurs about the 
same time as the first menstruation, rather than the result of endocrine changes 
associated with menstruation. The changes observed in all the physiological 
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functions measured are in the direction of adult values and take place at a more 
rapid rate after menarche than before. Selection of groups of adolescents on 
the basis of a physiological criterion, such as age at menarche, results in greater 
homogeneity of the group with respect to other physiological criteria, such as 
pulse rate, blood pressure or oxygen consumption, than does selection on the 
basis of chronological age. The periods of rapid change which occur with men- 
arche can be observed in individual growth curves but may be entirely obscured 
when average curves, based on chronological age, are examined (9). This ob- 
scurity is reflected in the disagreement found in the literature on basal metabo- 
lism as to the existence of a pre-pubertal rise in basal oxygen consumption (4, 6, 
7, 12, 13). The observations of the present study do not begin at an early 
enough chronological age to answer the question with assurance for girls. How- 
ever, in many of the girls studied, particularly those who menstruated later, a 
pre-pubertal rise in metabolism was observed. A rapid fall in oxygen con- 
sumption was observed by Johnson (6) in 6 tubercular girls whom he studied 
continuously over 300 days. Associated with the fall in basal oxygen consump- 
tion there was a marked drop in Ca and N retention which continued for 12 to 
30 days after menarche. 

Summary. Determinations of pulse rate, blood pressure, respiratory volume 
and heat production under basal conditions were made on each of 50 normal 
girls at intervals of 6 months between the ages of 11.5 and 17.5 years. All de- 
terminations were made under basal conditions on two successive mornings at 
each six month testing. The Tissot open circuit method was used for estimating 
basal oxygen consumption during three 8-minute- periods on each of the two 
mornings. Accurate menstrual histories were kept for each subject. 

Analysis of curves relating the measured functions to age for each girl shows 
three marked changes associated with the beginning of menstruation; 1, a level- 
ing off of a pre-menarcheal rise in systolic blood pressure; 2, a decrease in pulse 
rate, and 3, a precipitous fall in basal heat production per unit of surface area. 
None of these phenomena are observable in average growth curves based on 
chronological age because of variations in the age at which onset of menstruation 
occurs among normal girls. 


CONCLUSIONS 

1 . With the beginning of menstruation there is a rapid decrease in basal oxy- 
gen consumption in girls. 

2. This period of rapid fall in oxygen consumption is more closely associated 
with menarche than with any particular chronological age. 

3. With the attainment of menarche, other physiological functions, such as 
blood pressure and pulse rate, rapidly approach mature levels and become sta- 
bilized. 
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The present paper is based on observations made on more than a thousand 
adult rats in which hypertension had been induced by various operative proced- 
ures on the kidneys. The results obtained are in certain respects contradic- 
toiy to mam r of the generally accepted concepts concerning the mechanism and 
treatment of hypertension. They are presented here for their possible value 
in further elucidating the general problem of experimental and clinical hy- 
pertension. 

Methods. Rats have been used exclusivel3 r in the present stmty. Most of 
the animals were of a piebald strain reared in the laboratory; the remainder, of 
,the Wistar strain, obtained from dealers. The blood pressures were determined 
by the procedure previously described (1). Hypertension was induced b\ r the 
application of cloth to the kidimy (2, 3). 

All operative procedures were carried out under ether and rarely required more 
than a few minutes for their completion. Attempts were made to minimize 
trauma, which causes marked drops in the blood pressure of hypertensive 
animals. 

Experimental observations. The effect of unilateral nephrectoniy. The 
failure of unilateral nephrectomy to induce hypertension consistently is well 
known. However, occasionally lypertension does develop following the re- 
moval of one kidney from an apparently normal animal. Tliis is illustrated by 
the following experiment: The blood pressures of a number of normal rats were 
determined daily until reasonabty constant values were obtained for a period of 
at least 10 days. The right kidney was then removed under ether anesthesia 
and the daily blood pressure readings continued. During the week following 
the operation the general average of the systolic blood pressure of most of the 
animals was elevated, although only temporality and to a degree so slight as to 
be of questionable significance. The subsequent course of the blood pressure 
varied but, in general, followed one of three courses. In about half of the ani- 
mals the slight elevation observed post-operativety gradually disappeared and 
the original pre-operative level was resumed within 10 to 20 days. In most of 
the other animals, however, the post-operative level remained at a slightly ele- 
vated level (5 to 15 mm.). In an occasional animal, on the other hand, the blood 

1 Aided by grants from the John and Mary R. Markle Foundation, The National Life 
and Accident Insurance and from Mr. Joe Werthan. 
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pressure remained elevated following unilateral nephrectomy and assumed a 
definitely hypertensive level of 150 mm. or more which was sustained thereafter. 

Although unilateral nephrectomy induces an elevation in blood pressure to 
a truly hypertensive level in only an occasional rat, the general average pressure 
in unilaterally nephrectomized animals is definitely higher than in normal ani- 
mals. For example, in a group of 20 rats, the average systolic blood pressure 
on repeated determinations was 120, with individual variations of 113 to 12G. 
The average blood pressure level of the same animals during the week following 
nephrectomy was only slightly altered from the pre-operative level. However, 
thereafter, the blood pressure as determined at intervals on 20 occasions during 
the next six months varied between 124 and 138 mm. with a general average of 
128 mm. There was thus a definite — although slight — elevation in blood pres- 
sure induced by unilateral nephrectomy. 

The effect of other unilateral operations on the kidney. The application of silk 
to one kidney, partial removal of a single kidney and other operative procedures 
such as applying a partial ligature to the renal artery, all result in effects similar 
to those described in the preceding section. In many animals these procedures 
result in a minimal and temporaty elevation of blood pressure with a resumption 
of the normal pre-operative level in the course of two to three weeks. In some 
otherwise apparently normal animals, operative interference with one kidney 
(as in the case of unilateral nephrectomy) results in a permanently elevated 
blood pressure. In others a slight elevation only is induced. 

If experimental renal hypertension be due to a liberation of renin, or of an 
activated renin (angiotonin or hypertensin), it would be expected that the uni- 
lateral application of cloth or collodion, for example, or other operative procedure 
on the kidney, should result in a greater elevation of blood pressure than simple 
removal of a kidney. In fact, nephrectomy alone could not induce lwperten- 
sion except by secondary changes which such removal might induce in the re- 
maining kidney. To test this point a group of 20 rats were unilaterally nephrec- 
tomized, while in an equal number a collodion capsule was applied to one kidney. 
The results of this study were as follows: 

The average pre-operative blood pressure of the 20 rats was 120, which was 
identical with that of the group which were unilaterally nephrectomized. The 
average blood pressures on 15 subsequent determinations from one to six months 
following the application of collodion to one kidney was 130 mm. as compared 
to 128 mm. in a similar group of animals which had been unilaterally nephrecto- 
mized. This difference of 2 mm. is statistically insignificant in view of the large 
variations observed in the pressures of the individual animals. However, one 
point of difference between the two groups may be significant; whereas, only 
two of the 20 nephrectomized animals died during the period of observation, 
nine of the group in which collodion was applied to the kidney succumbed be- 
tween one and six months following operation. This increased mortality may 
have been due to secondary infection with abscess formation which is not un- 
common in animals subjected to the “collodion” operation. 

The effect of removing a kidney from rats in which hypertension has been induced 
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by silk appliedjio a single kidney or by other operation. The view is widely ac- 
cepted that experimental interference with the kidneys results in hypertension 
due to the liberation by the kidney of a pressor substance. If this be true one 
would anticipate a drop in blood pressure to the pre-operative level following 
the removal of a kidney to which silk had been applied, or which had been other- 
wise manipulated to give an elevation of pressure. 

The experiments cited in table 1 were carried out to test the above hypothesis. 
It is evident from these experiments that removal of the presumably injured 
kidney did not cause the blood pressure to return to the normal level but actu- 
ally resulted in no change in the blood pressure or in a slight further elevation of 
the blood pressure. 

The effects of bilateral nephrectomy in hypertensive rats. It has long been known 
that bilateral nephrectomy does not result in the development of hypertension. 
The explanation for this phenomenon has been that with the removal of all renal 

TABLE 1 


The effect of removing a kidney to which silk or collodion had been applied with the subsequent 
development of hypertension on the systolic blood pressure ( expressed in millimeters of 

mercury) 


RAT NO. 

ORIGINAL 

AVERAGE BLOOD 
PRESSURE LEVEL 2 

! POST-OPERATIVE LEVEL 

PREOPERATIVE BLOOD 
PRESSURE 

MONTHS AFTER APPLICA- 
TION OF SILK TO 

ONE KIDNEY 

1 week 

2 weeks 

3 weeks 

4 weeks 

l 

120 

140 

mM 

mm 

SIS 

150 

2 

130 

155 


■9 


160 

3 

125 

150 

IB 

145 

IB 

150 

4 , 

130 

160 

■9 

160 

■Hi 

170 

5 

130 

150 

160 

165 

170 

170 

6 

120 

145 

150 

150 

150 

155 

7 

115 

j 170 

175 

175 

170 

170 

S 

120 

150 

150 

165 

160 

( 

160 


tissue there remains no possibility for the production of the hypothetical pressor 
substance responsible for hypertension. To determine if the absence of all renal 
tissue was compatible with hypertension, one kidney of the rat was removed, 
and in those cases in which hypertension did not follow, the remaining one was 
either partially removed or surrounded with silk. When the blood pressure level 
had reached a constant level for a period of at least 10 days the remaining kidney 
was freed of adhesions under ether anesthesia and the incisions closed with single 
ligatures. The purpose of this preliminary operation was to avoid as much 
trauma as possible when this remaining kidney was removed and thus have the 
animal in good post-operative state. Otherwise, the effect of shock and uremia 
would in themselves tend to lower the blood pressure. 

The results of these experiments indicated that following the removal of the 
remaining kidney, the blood pressure did not drop precipitous!}' but tended to 
gradually assume the shock levels observed pre-mortem in all hypertensive 
animals, as shown in the experiments cited in table 2. 
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Comparison of the effects of bilateral nephrectomy, ligation of the ureters and 
ischemia of the kidneys. Further evidence of the relative effects of deprivation, 
of renal tissue, and the presence of abnormal renal tissue on the blood pressure 
was obtained by comparing the results of nephrectomy, ligation of the ureter 
and ischemia of the kidney in animals from which one kidney had been previously 
removed. This preliminary operation was performed in order to reduce the 
shock attendant on the bilateral operation. One month after this nephrectomy 
the blood pressure of the animals was determined daily until relatively constant 
values were obtained. The animals were then divided into three equal groups. 
The remaining kidney of one group was removed ; the ureter in the second group 
was ligated and the renal artery of the third group was clamped for thirty min- 
utes. The blood pressures were then determined each morning and afternoon 
subsequently. 

The results of the above described operations indicated that in the rat with 
complete absence of renal tissue the blood pressure rises in a manner and to an 
extent equal to that observed in the presence of one kidney the ureter of which 

TABLE 2 


The blood pressure of hypertensive animals following the removal of their remaining kidney 


' 

TYPE or OPERATION PERFORMED i 

ORIGINAL 
BLOOD PRESSURE 
LEVEL 

AVERAGE SYSTOLIC BLOOD PRESSURE LEVELS IN MILLIMETERS 

OF MERCURY 

Before final 
nephrectomy 

! 


BB 

icphrectomy 

Day 1 

Day 5 

Application of silk 

mm 

170 

170 

1*3® 


100 

Application of silk 

mm 

ISO 

1 

170 


• 

90 

Partial nephrectomy 

100 

190 


i 

160 

100 


Partial nephrectomy 

95 

200 

mm 

170 

120 



had been ligated. Were the rise in blood pressure attributable to the production 
by the kidney of a pressor substance, one would have anticipated a greater rise 
in blood pressure in the group of animals in which renal tissue was present. 

Ischemia for 30 minutes also resulted in a temporary rise in pressure but this 
rise was less and of shorter duration than of that observed in the nephrectomized 
animals or in those in which the ureter was ligated. It is possible that this tem- 
porary rise may be due to the liberation from the ischemic kidney of a pressor 
substance of the nature of angiotonin or hypertensin, but one could equally well 
explain the observed result as being due to a temporary cessation of renal activ- 
ity, which in the case of the ischemic kidney is restored after some horn’s but 
which is permanent in the case of the nephrectomized animals or those in which 
the ureter is ligated. 

Discussion. Our results are similar in principle but differ somewhat m 
detail from those recently reported by Friedman, Jarman and Klemperer (4), 
who also found a failure of the blood pressure to return to normal following re- 
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moval of the affected kidney. However, these observers reported that unilateral 
application of cellophane resulted almost uniformly in a steadily increasing 
blood pressure. Furthermore, pre-operative blood pressure levels of their rats 
were definitely higher (about 20 mm.) than those which we have observed con- 
sistently in our own colony. Whether these differences are to be ascribed to 
variations in technique, in diet, or in training of the animals is uncertain. 

The pathological findings observed by Friedman, Jarman and Klemperer were 
also different from those which we commonly find following the application of 
silk unilaterally. If the silk be applied loosely without contraction of the pedicle 
no superficially observable abnormalities such as were noted by Friedman, Jar- 
man and Klemperer ensue. It is possible, therefore, that the more pronounced 
tissue destruction induced by the application of cellophane may have caused the 
liberation of pressor substances not formed when the looser silk is applied. 
Against this view is the fact that, in our animals, application of collodion uni- 
laterally, which also induces marked destruction of renal cortex, or the ligature 
of one renal artery also produced only temporary elevation of blood pressure in 
the majority of animals. 

The current views as to the genesis of renal hypertension are 1, that it is due 
to the production of an abnormal pressor substance by the kidney; 2, that it 
results from the absence of a normal renal constituent, and 3, that it is due to 
an imbalance in the ratio of a pressor and depressor substance, both of which 
are elaborated by the kidney. According to the first view, hypertension is due 
to renal injury or ischemia resulting in the production of a noxious pressor sub- 
stance. The second view assumes that the normal kidney has an internal secre- 
tory activity which when interfered with results in the hypertension. The last 
view assumes that renal hypertension is dependent on a disturbed balance 
between pressor and depressor constituents. 

The results of the present study conform most closely to the second of the 
above-mentioned hypotheses. According to this view the increase in blood 
pressure which sometimes follows unilateral nephrectomy is due to an incipient 
deficiency induced by removing functional tissue. 

The fact that removal of a kidney to which silk has been applied with the 
resulting development of hypertension did not cause a return of the blood pres- 
sure to normal and the behavior of parabiotic rats (5) also speaks in favor of the 
"deficiency” theory. Were hypertension due to the production of an abnormal 
pressor substance or to an imbalance between pressor and depressor or anti- 
pressor bodies one would anticipate that removal of such a kidney would cause 
decline in blood pressure. Such was not the case in these experiments. 

It may be argued, of course, that the occurrence of hypertension following 
removal of one kidney and its failure to be alleviated by removal of a kidney 
to which silk had been applied or in which hypertension had been otherwise 
induced, is due to a pressor mechanism set in action by irreversible changes in 
the second kidney. However, the fact that removal of this second kidney does 
not cause a reduction in blood pressure as well as the observation that bilateral 
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nephrectomy causes a measurable (although slight) increase in blood pressure 
makes this possibility unlikely. 

It should be emphasized that the work reported in this communication has 
been done on rats and that the discussion applies only to experimental renal 
hypertension as observed in these animals. There is considerable evidence 
derived from the work of other investigators, that pressor mechanisms ma} r be 
concerned in the genesis of renal hypertension in the dog. On the basis of the 
available evidence it does not seem justifiable to conclude either that such mech- 
anisms are active in the rat or that they are absent in the dog. In both species 
it would appear that deficiency of an anti-pressor mechanism is an important 
factor in the genesis of experimental renal hypertension. 

SUMMARY 

Unilateral nephrectomy or the application of cloth or collodion to one kidney 
caused hypertension in a small percentage of normal rats. The subsequent 
removal from such animals of the kidney to which cloth or collodion had been 
applied did not result in a significant decline of the elevated blood pressure. 
Total nephrectomy in animals surviving sufficiently long tended to cause an ele- 
vation of blood pressure. The bearing of these experiments on the theories of 
the pathogenesis of experimental renal hypertension is discussed. 
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During the course of experiments (1) involving the production of shock in 
dogs by the tourniquet method, the phosphates of the serum were observed to 
rise as the manifestations of the condition developed. This is reported (2) to 
occur, also, when shock is induced by repeated bleeding. The study that follows 
was designed to determine the significance of the increase in serum phosphate. 

Effects on infusion of phosphates and their influence on calcium were investi- 
gated. The relation of calcium to capillaiy permeability led to the study 
of citrates, known to have specific influence on the ionization of calcium. Atro- 
pine also was used to aid in the interpretation of the part played by the auto- 
nomic nervous system. 

Changes in pressure and constituents of the blood and in the electrocardio- 
gram are reported following: I. The release of arterial occluding tourniquets. 
II. The infusion of phosphates. III. The infusion of citrates. IV. The in- 
fusion of citrates in atropinized dogs. 

Group I. Changes in pressure and constituents of the blood and in the electro- 
cardiogram following the release of arterial occluding tourniquets on the hind legs 
of dogs. This group includes 5 animals. They were anesthetized with nem- 
butal, 30 mgm. per kgm., followed by 5-10 mgm. per kgm. when necessary; 
the tourniquets, applied for 5 hrs., were then released and the femoral artery 
cannulated for blood pressure determinations. In table 1 are presented changes 
found in blood pressure, hematocrit, plasma protein, serum calcium, serum 
phosphate and relative electrical ventricular systole. 

With release of the tourniquets, the blood pressure falls and requires If to 
2f hrs. to reach shock level. Other changes include hemoconcentration, loss 
in plasma protein and marked increase in serum phosphate, accompanied b}' 
slight if any change in the total serum calcium. The altered serum phosphate 
may have a minor tendency to correct itself in the later stages. 

Carter and Andrus (3) were the first to describe the prolongation of the 
electrical systole (Q-T interval) in hypocalcemia. 2 It has been shown (4) that 
the Q-T interval is in constant relation to the pulse period or the R -R in terval. 
The formula expressing this relationship was found to be Q-T = Kv R-R- This 
K factor was definitely increased in the two animals for whom it was determined. 

1 Aided by grants from the Commonwealth Fund and the Markle Foundation. 

2 Acknowledgment is gratefully made to Dr. E. Cowles Andrus for bringing this to our 
attention and to Dr. A. Geiger for valuable assistance in the interpretation of the electro- 
cardiograms. 
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Group II. Changes in pressure and constituents of the blood and in the electro- 
cardiogram following phosphate infusion. Five animals are included in this 
group. As soon as the nembutal anesthesia was adequate and preparation had 
been completed for recording the blood pressure in the femoral artery, infusion 
was begun. Sodium pyrophosphate was used in the majority but, as is indicated 

TABLE 1 


Changes in blood pressure, blood constituents and electrocardiogram following the 
release of arterial occluding tourniquets 


TIME IN RELATION TO 
tourniquet PROCEDURE 

D.P. 

HEMA- 

TOCRIT 

PLASMA 

PROTEIM 

SERUM 

; Ca 

SERUM 

P 

EKG 

Vrf 

f RRSURKS 

i 


mm. 

per 

am. per 

mgm. 

m£m. 




Bs 

cent 

cent 

per cent 

' per cent 



Before application 


3S.3 


9.1 

2.3 

0.333 

Dog 1: sacrificed 3 

Before release 

180 

40.2 


10.1 

3.5 

0.332 

hrs. after release 

10 minutes after release. . . 

148 

47. S 


10.1 

6.14 

0.378 

of tourniquet 

30 minutes after release. . . 

110 

4S.0 


10.0 

5.S 

0.360 

155 minutes after release . . 

96 

45.0 


9.0 

5.0 

0.372 


Before application 


42.0 

5.22 

10.4 

3.4 

0.324 

Dog 2: died 13 hrs. 

Before release 

170 

40.0 

5.43 

11.0 

3.2S 

0.336 

after release of 

15 minutes after release . . . 

126 

53.5 

5.64 

12.1 

5.94 

0.344 

tourniquet 

55 minutes after release. . . 

100 

55.8 

4.90 

9.6 

5.90 

0.320 

160 minutes after release. . 

S2 

56.8 

4.73 

8.4 

7.94 

0.353 


^Before application 


45. S 

5.44 


3.34 


Dog 3: sacrificed 2\ 

Before release 

205 

51.8 

5.34 


5.04 


hrs. after release 

10 minutes after release . . . 

146 

5S.9 ; 

5.09 


| 6.60 


[ of tourniquet 

40 minutes after release. . . 

164 

68.3 

1 5. SO 


7.60 



SO minutes after release . . . 

12S 

65.0 

5.2S 


7.2S 



140 minutes after release . . 

SO 

5S.9 



6.56 



Before application 




9.4 

2.28 


Dog 4: sacrificed 1-J 

Before release 

170 



9.5 

3.54 


hrs. after release 

12 minutes after release . . . 

140 



9.7 

5.1 


of tourniquet 

41 minutes after release. . . 

138 



9.7 

6.14 



90 minutes after release . . . 

70 



9.6 

6.34 



Before application 


43.7 



2.5 


Dog 5: sacrificed 2} 

Before release 

150 

40.9 



2.7 


hrs. after release 

10 minutes after release. . . 

126 

44.5 



6.0 


of tourniquet 

50 minutes after release. . . 

94 

52.4 



6.0 



120 minutes after release . . 

90 

55.2 



6.1 




for animal III (table 2), equivalent amounts of sodium phosphate acted similarly. 
The infusion solution contained 3.3 per cent sodium pyrophosphate in distilled 
water, adjusted to pH 7.4 with hydrochloric acid. It was introduced at the rate 
of 1 to 4 cc. per minute, the rate being determined by the general behavior of 
the animal and particularly by the blood pressure and respiration. 
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Analysis of table 2 shows a progressive decline of the blood pressure and 
a marked increase in relative packed red cell volume. Furthermore, the calcium 
of the serum diminished as the phosphate content increased. This is in agree- 
ment with findings of Binger (5). The relative prolongation of the electrical 
ventricular systole is great as indicated by K values. 

TABLE 2 


Changes in blood constituents and electrocardiogram accompanyhig the infusion of sodium 

pyrophosphate in anesthetized dogs 


TIME AFTER 
START OF 
INFUSION 

B.P. 

HEMATO- 

CRIT 

PLASMA 

PROTEIN 

SERUM 

Ca 

SERUM P 

EKO 

x- Q- T 
VRR 

TOTAL AMOUNT INFUSED 

minutes 

mm. II g 

per cent 

gm. per 
cent 

mgm. per 
cent 

mgm. per 
cent 



0 

155 





0.359 

Dog 1: 4.3 grams sod. 

22 

50 





0.438 

Pyroph. [dog died 46 

37 

33 





0.417 

minutes after start of 
iniusion] 

0 

142 

31.3 

4.73 




Dog 2: 3.63 grams sod. 

25 

98 

37.9 

4.72 




Pyroph. [dog died 107 

60 

48 

45.7 

4.94 




minutes after start of in- 

100 

i 

53.0 

5.22 




fusion] 

0 


34.8 

4.96 


3.34 


1 Dog 3: 12.36 grams sod. 

10 


39.3 

5.06 


5.9 


Phosphate [dog died dur- 

30 


40.0 

5.27 


5.1 


ing following night] 

120 


54.5 

4.32 


5.0 



ISO 


44.5 

1 





0 

144 

38.4 


9.6 

4.34 


Dog 4: 3.3 grams sod. 

25 

80 

46.1 


3.9 

7.16 


Pyroph. [dog died 40 
minutes after start of 
infusion] 

0 

130 

36.0 


9.0 

2.9 

0.326 

Dog 5: 3.3 grams sod. 

37 

100 

39.2 


4.4 ■ 

5.9 


Pyroph. [dog died 2 hrs. 

75 

70 

39.3 


3.9 

6.6 

0.379 

after termination of in- 

135 

67 

42.0 


3.5 

6.7 

0.367 

fusion] 

200 

42 

46.5 


4.9 

4.5 

0.330 



It should be recorded here that tetanic muscular activity made its appearance 
in all of the animals of this group during the second quarter of the infusion 
period and became increasingly marked as the serum calcium declined. 

Compared with alterations in the same factors after release of tourniquets 
(group I) the outstanding features in this series are loss of serum calcium, in- 
crease in K values and outspoken tetanic muscular activity. 

Group III. Changes in pressure and constituents of the blood and in the electro- 
cardiogram following citrate infusion. Five animals are included in this series. 
The procedure used in the preceding group was followed in detail. The only 
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variant was substitution of sodium citrate for phosphate. The citrate was a 2 
per cent solution in distilled water, adjusted to pH 7.4. 

The first striking difference between the effects of citrate and phosphate in- 
fusion is the blood pressure response. The gradual progressive and marked fall 
associated with the phosphate contrasts with only slight change when citrate is 
used. The pressure falls abruptly only during the last few minutes of the 
animal's life. 

With citrate there is only a moderate increase in packed cell volume, never- 
theless the loss in plasma protein is considerable and exceeds what occurs with 

TABLE 3 


Changes in Hood constituents and electrocardiogram accompanying the infusion of 
sodium citrate in anesthetized dogs 


TIME AFTER 
START OR 
INFUSION 

n.p. 

HEMATO- 

CRIT 

PLASMA 

PROTEIN - 

SERUM 

Ca 

SERUM P 

EKG 

„ Q -a 
Vrk 

' TOTAL AMOUNTS INFUSED AND 

REMARKS 

minutes 

mm. fig 

per cent 

gm. per 
cent 

mgm, per 
cent 

mgm. per 
cent 



0 

115 

39.2 

4.29 

9.9 

4.4 

0.341 

Dog 1: 3.4 grams citrate 

18 

125 

40.3 

4.20 

10.1 

2.0 

0.465 

[dog died} 

5G 

116 

47.1 

3.41 

10.3 

1.4 

0.471 


0 

90 

47.9 

5.82 

11.3 

5.1 

0.289 

Dog 2: 5.4 grams citrate 

1G 


47.1 

5.12 

13.4 

4.75 

0.381 

[dog died] 

36 

75 

4S.5 

5.13 

13.6 

4.52 

0.421 


60 


44.2 

4.60 

13.8 

3.52 



SO 

87 

4G.1 

3.39 


3.00 

0.362 


0 


2G.0 

5.1G ' 

10.8 

2.96 

0.339 

Dog 3: 3.6 grams citrate 

20 


25.9 

4.59 

11.5 

4.00 

0.476 

[dog died] 

4S 


30.5 

4.53 

11.5 

3.68 

0.366 


0 

98 

3G.5 

6.13 




Dog 4: 4.8 grams citrate 

38 

105 

35 

5.42 




[dog died] 

0 

160 

38.7 

6.26 




Dog 5: 5.6 grams citrate 

40 

126 

39.8 

5.47 




[dog died] 

6S 

108 

44. G 

4.64 






phosphate though this is associated with much greater increase in relative packed 
red cell volume. The serum calcium actually tends to rise as opposed to its fall 
with phosphate but the tetanic state associated with the two substances cannot 
be differentiated and the relative electrical ventricular systole is prolonged with 
citrate as it is with phosphate even though the total serum calcium certainly is 
not reduced with the former (6). 

These facts question the accepted theory concerning the relation of the 
relative electrical ventricular systole, as indicated by the K factor, to the total 
calcium of the serum. They suggest that the K factor may be related to a 
particular calcium fraction. That this may be ionized calcium is indicated 
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by the fact that the tetanic, muscular contractions manifested equally after 
citrate or phosphate infusion are relieved promptly in both circumstances by 
injection of small amounts of ionized calcium salts. 

Group IV. Changes in pressure and constituents of the blood and in the electro- 
cardiogram following citrate infusion in atropinized dogs. Five animals comprise 
this series. The procedures were identical to those for group III with the 
single exception that the animals were given 0.3-0.5 mgm. per kgm. of atropine 
sulphate intravenously five minutes before the beginning of the infusion of 
citrate. 

The outstanding difference between the atropinized and non-atropinized dog 
is the amount of citrate tolerated. With the latter, death invariably terminated 
the experiment in about 1 hour when 3.4 to 5.4 grams of citrate had been infused. 
After atropine more than twice this amount of citrate was infused, with tetanic 
muscular activity as the only untoward sjunptom. 

Naturally more than twice the time for the larger quantity of citrate was 
required as all of the infusions were made at approximately the same rate. 
During this longer period for the atropinized animals the blood pressure was 
sustained at the pre-injection level or even higher and all five dogs were in fail- 
condition when the infusion was discontinued. 

Dog 2 received 14 grams of citrate and died after an hour; dog 4 lived 4 hrs.; 
the other three (1, 3 and 5) recovered completely from the experimental pro- 
cedures. The tetanic muscular contractions could be stopped with calcium 
chloride, and the alterations in the K values and changes in the blood con- 
stituents including serum calcium and phosphate, conform to those of group III. 
There is some hemodilution after atropine itself, but only slight variation 
in relative packed red cell volume occurs during the remainder of the procedure. 
The plasma protein loss, an outstanding feature with the non-atropinized dog, 
is materially reduced, but is still noteworthy. It bears no constant relation 
to fluid loss from plasma. All of these factors are included in the table 4. 

DrscussiON. The increase in serum phosphate following the release of 
tourniquets applied for 5 hrs. to the hind legs of dogs raises the question concern- 
ing its source. The fact that there is also an elevation of serum potassium (7) 
is supporting evidence that these electrolytes come from tissue cells distal to the 
tourniquets that are damaged during the period of ligation. 

When cells are so altered that they lose salts like potassium and phosphate 
other cellular functions also may be modified with the result that altered meta- 
bolic products are liberated and, with release of the tourniquets, absorbed in 
sufficient quantity to participate in the production of shock. This hypothesis 
is by no means new but adequate support has not been forthcoming (8). 

The augmented serum phosphate may be an expression both of a major dis- 
charge of this electrolyte into the circulation and a coincident depression of the 
ability of the kidneys to eliminate it. The latter condition is associated with 
the slowed circulation. An additional reason for the reduced excretion may be 
the nembutal anesthesia. 

The rise in serum phosphate from 2 mgm. per cent to as much as 7.6 mgm. 
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pcr cent, after the release of the tourniquets is only relatively important, if the 
following premises arc correct. The effects of phosphate are associated prima- 
rily with its influence on calcium. As has been shown, the total serum calcium 
is practically unaffected and the ionized calcium, as far as this may be evaluated 


TABLE 4 


Changes in blood comlilncnts and electrocardiogram accompanying the infusion of 
sodium citrate in anesthetized atropinized dogs 


TIME AFTER 
START Or 
INFUSION* ' 

U.P. 

hemato- 

CHIT 

PLASMA 
. PROTEIN 

SERUM 

Ca 

sr.Rrvi P 

j EKG 

L Q-T 
K_ Vrr 

1 

J 

I TOTAL AMOUNTS INFUSED 

mttuics 

mm. Tig 

' per call 

,$m. per 
cent 

ingm. per 
cent 

mgm. per 
cent 



0 


■ 28.2 

5.51 


3.2 

0.2S3 

Dog 1 : 10 grains citrate 

30 


2S.9 

4.59 


2.4 

0.359 

[dog survived] 

00 


37.0 

4.81 

10.1 

2.0 

0.359 


90 


38.4 

4.50 

9.3 

1.5 

0.347 


150 


40.1 

5.09 

9.0 

1.4 

0.347 


0* 

66 

36. S 

• 5.25 

11.0 


0.344 

Dog 2: 14 grams citrate 

0 

66 

2S.1 

4.73 

10.5 


0.348 

[dog died 1 hr. later] 

54. 

. . 60 

. 28.9 

4.29 

12.0 


0.389 


102 

80 I 

30.1 

4.04 

14.0 


0.422 


147 

SO 

32.0 

4.01 

12.5 


0.39S 


0* 

142 

41,9 

5.13 

10.4 

4.0 


Dog 3: 10.5 grams citrate 

0 

142 

33.8 

5.05 

10.4 

4.2 


[dog survived] 

42 

135 

33.0 


13.1 

4.2 



85 

10S 

40.0 

4.32 

13.1 

4.4 



140 

140 

40.0 

3.85 

| 11.4 

4.4 



0* 


t 

43.8 

5.16 

10.7 

3.3 


Dog 4: 7 grams citrate [dog 

0 


33.6 

4.97 

10.8 

3.6 


died 4 hrs. later] 

43 


; 41.0 

5.03 

10.8 

2.7 



91 


' 43.8 

4.85 

10.1 

1.9 



138 


44. S 

4.77 

10.0 

1.95 



0* 


■ 38.7 

5.18 

11.2 

2.2 


Dog 5: 7.2 grams- citrate 

0 


32.0 

5.25 

10.7 

2.4 


[dog survived] 

48 


32.0 

5.10 

10.8 

2.7 



106 

! 

39.3 

5.23 

10. S 

2.1 



155 


38.4 

4.46 

7.5 

3.1 




* Before atropine. 


from the length of the electrical ventricular systole, as expressed by “K” values 

is only slightly changed. . . 

Equal elevation of serum phosphate cannot be attained by phosphate infusion 

in the unanesthetized dog for reasons already given. With nembutal narcosis, 
on the other hand, serum phosphate piles up on infusion and is accompanied by 
a corresponding fall in serum calcium with manifest tetanic muscular activity 
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and prolongation of the relative electrical ventricular systole. When citrate 
is infused the serum calcium behaves quite differently. Its total quantity does 
not fall, indeed it may be increased to 12 or even 14 mgm. per cent. Even so, 
the same tetanic muscular contractions occur and the prolongation of the 
relative electrical ventricular systole may be greater. These muscular and 
cardiac dysfunctions can be corrected promptly by the injection of small quanti- 
ties of ionized calcium. 

Differences in the loss of fluid and of protein through the capillary wall and 
the changes in the fractions of serum calcium included in this series of experi- 
ments are of interest in association with mechanisms concerned in capillaiy 
permeability. Phosphate infusion results in considerable loss of fluid from the 
plasma; when citrate is used the loss in fluid is small, in protein great. This 
provides further evidence that particular conditions determine the permeability' 
of the capillary wall for different constituents of the plasma. 

The decrease in total serum calcium and the concomitant hemoconcentration 
with phosphate infusion together with the increase in total calcium without loss 
of fluid from the plasma with citrate, support the theoiy that calcium is the 
determining factor for the passage of fluid through the intercellular “cement” 
substance of the capillary wall (9). The theoiy is weakened through the fact 
that the total calcium is not changed materially when shock is produced by the 
tourniquet method and the loss of fluid nevertheless is considerable. 

Even if the interaction of calcium and cement substance was determining 
for the passage of fluid, this would not hold for protein. Its loss is maximal 
with citrate infusion when the total calcium is not reduced and indeed aug- 
mented. That calcium made dialysable by citrate (6) may be washed away 
from the cement substance during the citrate infusion to allow the passage of 
protein is incompatible with the fact that there is no associated hemoconcen- 
tration. 

Available knowledge does not exclude passage of fluid through the cement 
substance; it does support the assumption that this is not likely for protein and 
that the capillary lining cells are involved. The hypothesis is strengthened by 
the fact that the loss of protein through the capillary wall with citrate is mate- 
rially reduced b y atropinization before infusion. Under these circumstances 
it would be more probable that neural control involves the lining cells of the 
capillaiy rather than the cement substance. 

It can only be queried whether atropinization that allows survival after what 
would otherwise be more than twice the fatal quantity 1 ' of citrate is dependent 
upon the known action of the drug as a definite coronaiy vasodilator (10). 

SUMMARY 

1. A rise in serum phosphate accompanies shock produced by tourniquets 
on the hind legs of dogs. No large changes occur in the total serum calcium or in 
the “K” values of the electrocardiogram. 

2. Infusion of phosphate in the anesthetized animal is followed by r increase 
in serum phosphate, loss of total serum calcium, fall in blood pressure, hemo- 
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concentration, tetanic muscular contractions, prolongation of the relative 
electrical ventricular systole (K value) and death. 

3. Infusion of citrate in the anesthetized animal does not influence blood 
pressure until the terminal moments of life; only moderate hemoconcentration 
occurs but there is marked loss of plasma protein. The total serum calcium 
tends to rise even though tetanic muscular contractions and alteration of the 
electrical ventricular systole are outspoken. 

4. The atropinized animal survives the infusion of more than twice the 
amount of citrate which is fatal without the use of this drug. The only other 
difference manifested is a decrease in the loss of plasma protein. 

5. These findings provide a basis for consideration of the mechanisms involved 
in permeability of the capillary wall. 
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This study was designed to explore the effects of injection of thoracic duct 
fluid, collected promptly after the release of tourniquets applied to the hind 
legs of dogs. Some of the premises for the undertaking include the marked rise 
in serum phosphate (1) and potassium (2) found in the same circumstances. 
On the basis that these electrolytes are derived from the cellular elements of the 
legs distal to the tourniquets and that they are evidence of disintegration, it 
was thought likely that other materials, including protein derivatives or degrada- 
tion products, also might be released and be absorbed from the tissues through 
the lymph. 

Study of the blood from such extremities has not been rewarding (3) and 
results concerning the effects of extracts of the tissues of the leg are conflicting 
(4). On the other hand, it has been shown that taping of the legs before or 
immediately after release of the tourniquets reduces the mortality (5). Such 
taping may prevent loss of fluid into the damaged tissues at the site of applica- 
tion and distal to the tourniquets and also absorption of toxic substances through 
the lymphatics. Freezing of the legs during the period of ligation has similar 
effects (6). 

The first results of this study were not convincing. They became more 
satisfactory when it was realized that blood pressure changes and other major 
evidences of shock, occasionally leading to death, might follow nothing more than 
nembutal anesthesia. 

Following the description of methods several series of experiments will be 
reported. These indicate differences in the reactions to nembutal as compared 
to thoracic duct fluid and also differences in the reactions to such fluids from 
dogs with and without preliminary use of tourniquets. 

Procedures. Shock was produced in dogs, after the administration of 
nembutal, by the application of tourniquets as high as possible on both hind 
legs. The tourniquets were applied not only to occlude the circulation of the 
extremities but tightly enough to bruise the underlying soft tissues. After 
five hours the thoracic duct was exposed as follows : 

The median border of the left jugular vein was brought into view by an 
incision extending upward from the sternal notch along the edge of the left 
sternocleidomastoid muscle. The vein was followed to its juncture with the 
left subclavian. When the latter was elevated the thoracic duct became visible 

1 Aided by a grant from the Commonwealth Fund. 
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as did the larger tributaries, usually two, that join to form a sac emptying 
posteriorly into the vein. Constriction of this vein on the cardiac side of the 
entrance of the lymph sac caused the ducts to become engorged so that they 
could be differentiated readily by their color from veins. After ligation of the 
ducts from the left front leg and from the head, the thoracic duct was incised 
a centimeter below the lymph sac to avoid valves that might complicate canali- 
zation. 

The duct collapses as soon as it is cut and the opening, made preferably with 
small sharp scissors, should be kept in sight constantly until the cannula (a glass 
tube with a bore of 1.5 mm.) is fixed in place. It is important not to use force 
for insertion of the cannula. Lymph usually begins to well out of the free end 
of the cannula promptly. When this does not occur suction should be avoided 
as it will collapse the thin-walled duct. Introduction of 0.5 cc. of air through 
the mouth of the cannula is helpful in causing a free flow. The lymph from a 
normal dog, not fed for 12 hrs., usually is opalescent, rarely milky; it becomes 
pink and at times frankly blood-stained within a few minutes after release of 
tourniquets applied to the extremities. 

The bmiph was collected from the cannula in a heparin-containing tube 
immersed in a salt-ice mixture. Its rate of flow varied and was more rapid 
in young animals. Usually up to 20 cc. were collected in from J to 2 hrs. The 
experiments will be presented in two major groups differing from each other only 
in the amount of nembutal used for narcosis. Each of these major groups, 
to be designated as I and II, includes two series, one involving the use of thoracic 
duct fluid from normal dogs (A), the other thoracic duct fluid collected after 
release of tourniquets applied to the hind legs (B). 

. Group I. The animals included in this group received an initial intravenous 
injection of 30 mgm. of nembutal per kgm. body weight; when necessaiy 10 
mgm. per kgm. body weight were given later in the experiment. 

(A) Normal thoracic duct fluid. This series includes 28 dogs. Fourteen of 
these supplied the thoracic duct fluid for injection into the other fourteen. 
In each instance the fluid for injection into an animal was derived from a single 
donor. 

The recipients were small in contrast to the donors, which were selected for 
their large size. Like the donors they were anesthetized with 30 mgm. of nem- 
butal per kgm. body weight. After the femoral blood pressure record was 
started/from 7 to 20 cc. of thoracic duct fluid were injected into a vein of the 
foreleg. The observations were discontinued if no change in the animal’s blood 
pressure or general condition occurred within two hours. If a change occurred 
the records were continued until the blood pressure reached the pre-injection , 

level. 

All of the animals survived the procedure and subsequently developed no 
untoward signs. Half of them showed no change in blood pressure. The 
other half had a fall in pressure, which was gradual, varying in onset from 10 
to 70 min. after injection of lymph; lasting from 40 to 300 min. and representing 
a drop from 30 to 70 mm. Hg. The time lapse between injection and beginning 



TOXICITY OF THORACIC DUCT FLUID IN TRAUMATIC SHOCK 


309 


of the fall in pressure, its duration and extent do not bear any relation to each 
other or to the amount of lymph injected. These facts are included in table 1. 

(B) Thoracic duct fluid from animals in shock. This series includes 36 animals 
divided equally into donors and normal recipients. Twelve of the latter, 66 
per cent, showed a fall in blood pressure as compared to 50 per cent in series 
“A”. The fall was gradual, varying in onset from 10 to 60 min. after the 
injection of lymph, lasting from 45 to 240 min. and representing a drop of from 
45 to 100 mm. Hg. Three of the animals died within a few hours. The fall 
in blood pressure showed only a slight rise before death. The other nine dogs 
recovered. The amount of lymph varied from 7 cc. to 51 cc., and it is interesting 
that the animal receiving the smaller dose was one of the three which died. The 
results are summarized in table 2. 

Group II differs from the one just presented in: 1. The amount of nembutal 
used for narcosis. 2. The manner of its administration. 3. Preliminary ad- 


TABLE 1 

Effect of lymph from normal dogs (SO mgm. of nembutal per kgm. body weight) 


DOG 

BLOOD PRES- 
SURE BEFORE 
INJECTION 

ONSET OF FALL 
(time AFTER 
injection) 

DURATION 

EXTENT 

AMOUNT OF LYMPH INJECTED 


mm. IJg 

min. 

milt. 

mm. Hg 

CC. 

1-7 


none 

0 

0 

10, 16, 12, 11, 16, 14, 20 

8 

150 

10 

120 

50 

respectively 

12 

9 

105 

15 

240 

60 

17 

10 

70 

20 

120 

30 

11 

11 

110 

40 

300 

60 

18 

12 

100 

45 

40 

45 

10 

13 

120 

65 

210 

70 

9 

14 

130 

70 

j 120 

50 

S 


ministration of the anesthetic several days prior to the experiment with recording 
of blood pressui-e. 

These precautions were deemed essential as it was found that a fall in blood 
pressure may occur with the larger dose of nembutal even though no other 
procedure is involved. Occasionally an animal may even die. 

The initial quantity of nembutal given to all of the animals included in 
group II, both donors and recipients, was 25 mgm. as distinct from 30 mgm. 
per kgm. body weight for group I. - When subsequent injection of the drug 
was necessary on account of the length of an experiment 2 mgm. were used as 
distinct from 10 mgm. per kgm. body weight for group I. Care was exercised 
to inject the nembutal saline solution (10 mgm. per cc.) slowly and uniformly 
over a period of 2 min. 

The reactions of many of the animals in both series “A” and “B” to this 
amount of nembutal were determined days before the final experiment. In no 
instance was there any fall in blood pressure, with the lighter anesthesia. There 
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is, in fact, a tendency to a slight rise in pressure. This control reaction is re- 
corded for Ihc animals in which it was used. 

TABLE 2 


tiffed of lymph of dogs; in shock (30 mgm. of nembutal per kgm. body weight ) 


DOG NO. 

BLOOD PRES- 
SURE BEFORE 
INJECTION 

ONSET or fall 

DURATION 

EXTENT 

AMOUNT O? LYMPH INJECTED 


ir.m. IIr 

miw. 

min. 

mm. grad. 

CC. 

l-G 


none 

0 

0 

9, 17, 7, 10, 9, IS 

7 

115 

10 

i 

45 I 

40 

respectively 

15 

s 

00 

10 

120 

50 

13 

f) 

90 

10 

40 

50 

12 

10 

110 

13 

45 

40 

13 

11 

120 

15 

120 

55 

9 

12 

130 

20 

120 

90* 

12 

13 

130 

30 

75 

S5 

7 

14 

130 

30 

160 

90 

ii 

15 

05 

30 

120 

50 

10 

16 

140 

40 

240 

100 

9 

17 

110 

55 

120 

55 

7 

IS | 

115 

60 

120 

35 

15 


* Died. 



Fig. 1. Fall of blood pressure following the injection of lymph from a dog in shock. The 
curve resembles that after the injection of small doses of histamine. 

A. A formal thoracic duct fluid. The series includes 20 animals divided equally 
into donors and recipients. 
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The experiment involved the intravenous injection of thoracic duct fluid from 
a separate donor for each recipient, as described for the previous series. Only 


FFJS13LTJ ON of 
a YM PH -20 ** 



Sf» 






pKtir:?; 

b.p. r* 




Fig. 2. Fall of blood pressure following the injection of lymph from a dog in shock. In 
contrast to figure 1 the onset is delayed, the depression is gradual and the blood pressure 
has not quite returned to its original lev.el after 155 min. 


TABLE 3 

Effect of lymph of dogs in shock {25 mgm. of nembutal) 


DOG NO. 

BLOOD PRES- 
SURE BEFORE 
INJECTION 

ONSET OF FALL 

DURATION 

EXTENT 

AMOUNT OF LYMPII INJECTED 


mm. Ug 

minutes 

minutes 

mm. Jig 

CC. 

1-8* 


0 

0 

0 

25,19,13,20, 12, 16,20,7 
respectively 

9* 

145 

Immediate 

6t 

90 

7 

10* 

145 

Immediate 

st 

80 

28 

11 

130 

Immediate 

St 

SO 

20 

12* 

140 

1 

36} 

30 

15 

13 

140 

2 

13t 

90 

20 

14 

120 

3 

ISO} 

120 

13 

15* 

155 

5 

120} 

SO 

15 

16* 

140 

6 

40} 

90 

14 

17 

105 

16 

90} 

26 

16 

18 

105 

25 

155} 

5S 

20 


* Preliminary determination of the effect of nembutal, 
f Sharp drop. 

} Gradual drop. 


one of the recipients showed any change in blood pressure. A fall began 1 min. 
after the injection of 20 ce. of lymph, gradually reached its maximum of 35 
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mm . Hg, and returned to the pre-injection level all within the next 3 min. Three 
of the ot her nine animals that showed no reaction also received 20 cc. of lymph. 

B. Thoracic duel fluid from animals in shock. This series is made up of 3G 
dogs divided equally between donors and recipients. Of the latter, ten were 
tested some days previously for their reaction to the smaller dose of nembutal. 
They showed no change in blood pressure and no demonstrable general effect 
either during the narcosis or in the following daj-s prior to the experimental 
procedure. 

Nine of the 18 recipients showed a fall in blood pressure. In four this re- 
sembled the response to the injection of small amounts of histamine. 

Figure 1 represents the record of one of these dogs. The fall was fairly sharp 
and promptly followed the injection of the thoracic duct fluid; its duration varied 
from G to 13 min. and its extent from 86 to 96 mm. Hg. 

The response of the other 5 animals was represented by a smooth curve. The 
fall of pressure began less promptly, 1 to 25 min. after the injection of thoracic 
duct fluid and continued for a considerably longer period, from 36 to 120 min., 
in the animals that recovered (fig. 2). 

This sequence of events occurred in all 5 animals; in one, however, the pressure 
failed to rise again and the animal died. The amount of lymph used for the 
individual dog varied from 7 to 25 cc. As can be seen from the table that fol- 
lows, the dose of lymph is not related to the type of curve or the extent of the 
fall in pressure (table 3). 


SUMMARY 

The thoracic duct fluid becomes blood-stained after the release of tourniquets 
applied to the hind legs of dogs. When this fluid is injected intravenously its 
effect upon blood pressure is variable. Injection of as little as 7 cc. may be 
associated with a severe and protracted fall in blood pressure which may termi- 
nate in the death of the animal. 

The vasodepressor effect is more frequent when large doses of nembutal have 
been used for narcosis. 

Injection of such amounts of nembutal may be associated with a fall in blood 
pressure even when no other procedure is involved. 

When narcosis is controlled to avoid vasodepression injection of thoracic duct 
fluid from normal dogs has no significant effect. 

In contrast, a fall in blood pressure follows in 50 per cent of the animals in- 
jected with the thoracic duct fluid of animals shocked by the tourniquet method .- 
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The approach to the study of therapj r in shock selected for this investigation 
was the well known application of tourniquets to the hind legs of dogs (1, 2, 3). 
This method of inducing characteristic manifestations of the condition was 
chosen on the basis of experience with the procedure modified, as will be seen, 
to provide a standard that jdelded a satisfactorily uniform clinical picture as a 
measure of therapy. 

The therapy was devised to determine the relative importance of well recog- 
nized factors like the circulating blood volume (4) as this is affected by the con- 
tent of the capillary bed, capillary permeability, etc. Particular attention was 
directed toward the effect of plasma infusion as compared to plasma-albumin 
solutions with similar colloidal osmotic pressure. In addition, methylene blue 
and succinate were used in order to compare their known action on tissue metab- 
olism with the effect of solutions exerting a high colloidal osmotic pressure. 

Without doubt there are man}' stages in the development of shock that maj r 
rectifj' themselves or be corrected by agents designed to compensate for mani- 
festations of inadequate circulation. Long experience with various substances — 
culminating with serum albumin — allows no other conclusion. 

These positive results, however, leave the question open concerning the 
stages of shock in which such therapy is not adequate. Then queries arise 
concerning the extent to which impaired circulation maj'- be responsible for 
metabolic changes like inhibition of cell respiration, alteration of glycotysis or 
gly coneogenesis. Such deficiency may follow other and more direct cause than 
impaired circulation and be the basis for the theory of the toxic genesis of trau- 
matic shock. 

The presentation that follows deals first with the problems underhung 
the adoption of the particular procedure utilized for the production of shock 
and then with a series of therapies designed to ascertain the relative importance 
of the mechanical circulatoiy disturbances as distinct from those associated with 
changed metabolism. 

Procedure. The method used in this study for the production of shock and 
its therapy was developed with particular consideration of the influence of 
various factors known to affect the responses of animals. They include nem- 
butal anesthesia, repeated withdrawal of blood for analyses during the course 
of the individual experiment, the application of the tourniquets to the legs with 
particular reference to the amount of underlying muscle and the traumatization 
effected through the pressure exerted by the tourniquet and finally the local 

1 Aided by grants from the Commonwealth Fund and the Markle Foundation. 
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swelling in the traumatized area associated with local edema. Each of these 
problems will be presented now. 

It is well known that the anesthetic nembutal also exerts profound side 
effects, — the respiratory rate is markedly reduced, the blood pressure falls, there 
is hemoconcentrntion with loss of protein as well as fluid from the blood, the 
renal function is suppressed and the body temperature falls. The picture in 
its totality is difficult to differentiate from shock produced in other ways; it 
may actually terminate with the death of the animal. While there are un- 
doubtedly individual variations in the response to nembutal on the part of 
animals, the major factors are the size of the dose and the method of its ad- 
ministration. 

A dose of 30 mgm. per kgm. introduced intravenously and slowly is tolerated 
without serious manifestation by the majority, but one out of four animals will 
develop more or less serious signs of the variety enumerated above that would 
confuse the interpretation of further procedure in tire production of shock. 
This is avoided when 25 mgm. is the dose. 

A complicating factor is the long period of anesthesia required by the tourni- 
quet method of producing shock. Even 30 mgm. per kgm. usually requires re- 
injection of smaller doses after several hours. The amount of the drug used for 
reinjection must be small to avoid untoward signs: 10 mgm. per kgm. is an 
excess, 5 is adequate and this often may be reduced to 2 mgm. per kgm. The 
procedure adopted therefore consists of an initial dose of 25 mgm. per kgm. 
followed as required after several hours by reinjection usually of 2 mgm. per 
kgm. even though at times this has to be repeated. 

The smaller initial and repeat doses of nembutal were selected because the 
blood pressure tended to rise in contrast to the tendency to fall with the larger 
doses. The blood pressure proved to be the most satisfactory indicator of the 
general condition of the animal as influenced by nembutal. 

Another reason for the selection of the quantity of nembutal is the fact 
that the smaller doses exert less influence than the larger amount on the circulat- 
ing blood volume and any tendency to a reduction in this volume must be 
avoided. This is evidenced since even the withdrawal of blood for essential 
analyses in control experiments facilitated the development of shock. As 
would be expected, the more blood withdrawn from the circulation, the greater 
the effect. With this in mind, no blood was withdrawn in this study as the 
objective was the development of shock by the use of the tourniquet method, 
and its therapy, with elimination, so far as possible, of contributory influences. 

As soon as anesthesia was evident the tourniquets were applied to the back 
legs. Care was taken in the selection of the rubber tubing, the place of ap- 
plication and the tension exerted. Pure gum hand made tubing was used with a 
bore of tb inch and a wall of tc inch with maximal elasticity and tensile strength 
indicated by the fact that it was able to suspend a 75-pound weight. It was 
applied as high as possible on the thigh and fully extended so that it would 
exert a maximal pressure on the underlying musculature. This was found to be 
necessary as mere occlusion of the circulation is not followed by shock in a 
sufficiently high and constant percentage of animals. 
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When the tourniquet is applied not only to occlude the circulation but to 
exert a maximal pressure on the soft tissues of the thigh as manifested by hemor- 
rhage in the muscle and even in the skin adjoining the groove made by the 
rubber tube, the release of the tourniquet is followed promptly and constantly 
by brawny induration of the leg. This begins as a rule in the inner thigh, 
extends circularly and distally and attains its height in one hour. By this time 
the blood pressure has dropped markedly and is approaching the shock level, 
providing, with sufficient speed and constancy, opportunity for the study of 
therapy. 

As has been pointed out, the method of applying the tourniquet is a factor 
in the swelling of the extremity after the pressure is released. With only 
vascular occlusion there is little edema of the leg; with traumatization of the 
soft tissues the edema is marked. As will be seen even the more extensive swell- 
ing of the leg that occurs when the tourniquet has been applied as tightly as 
possible is greatly increased if the animal lives for a few hours and has had the 
circulating fluid of its blood replenished with saline or glucose. To avoid this 
complication as a factor in the outcome, the legs were firmly taped as high as 
the ilio-femoral joint and including the buttocks, thus limiting further local loss 
of fluid. The right leg was taped one hour after the release of the tourniquet 
at a time when, as has been said, the pressure had approached the shock level; 
the left was taped one hour later. This delay was necessitated by the fact that 
the left femoral artery was used to make the kymograph records as it was 
deemed desirable to avoid structures in the neck (carotid sinus) that might 
influence the reactivity of the animal. 

Therapy was instituted prompt!}' after taping of the right leg — one hour after 
release of the tourniquet. It consisted of the intravenous administration of 
from 325 to 450 cc. of different fluids introduced into a vein of the foreleg for one 
hour by the drip method. This was discontinued with the removal of the 
femoral cannula and the taping of the left leg. 

Summary of procedure. 1 . Intravenous administration of nembutal 25 
mgm./kgm. followed if necessary after several houi’S with 2-4 mgm./kgm. 2. 
Application of tourniquets to both hind legs. 3. Release of tourniquet from 
left leg after five hours followed by passive motion of the leg for a few seconds. 

4. Ten minutes later cannulation of left femoral artery for blood pressure record. 

5. Release of the tourniquet from the right leg followed by passive motion. 

6. One hour later: taping of right leg and institution of intravenous therapy. 

7. One hour later: discontinuance of intravenous therapy. 8. Removal of 
cannula from left femoral artery and closure of wound with sulfathiazole powder 
dressing. 9. Taping of left leg. 10. Removal of tapes from both legs after 
24 hrs. 

The animals were protected from cold and kept at about 21 °C. Survival 
beyond 48 hrs. was chosen arbitrarily as the end point but it should be recorded 
that animals that lived for this period very rarely died without cause quite 
independent from shock. 

Experiments. The experiments may be grouped into the following cate- 
gories and will be presented in this order. The fundamental procedures are the 
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same for all groups. Two primary variants only occur. They involve taping 
of the legs and intravenous therapy. Group I is a control series without taping 
of legs or therapy of any variety. The legs were taped immediately after 
release of the tourniquets in group II. In all the others the order of procedure 
indicated above was followed in detail. 

Group T. Control— -legs were not taped and no therapy was used. Group 

II. Legs were taped immediately after release of the tourniquets; on some 
animals the blood pressure was not recorded. No therapy was used. Group 

III. Taping alone as indicated in procedure, without supporting therapy. 
Group IV. Taping and intravenous saline. Group V. Taping and intravenous 
dog-plasma. Group VI. Taping and intravenous dog-plasma-albumin. Group 
VII. Taping and intravenous dog-plasma-globulin. Group VIII. Taping and 
intravenous dialyzed dog-plasma. Group IX. Taping and intravenous pre- 


TABLE 1 

Shows the survival time of 48 dogs after release of tourniquets applied to both hind 

legs for 5 hours 


SURVIVAL TIME 

NUMBER OF DOGS 

PERCENTAGE 

hours 



1- If 

6 

12.5 

2- 2f 

12 

25.0 

3- 3f 

S 

16.7 

4- 4} 

6 

12.5 

5- 5y 

3 

6.3 

7- 7| 

3 

6.3 

11-1 If 

3 

6.3 

13-13J 

i 2 

4.2 

15 

2 

4.2 

19 

1 

2.0 

35 

1 

2.0 

484- 

1 

2.0 


Average survival time of 47 animals 5.7 hours. 


viously alkalinized dog-plasma. Group X. Taping and intravenous saline plus 
methylene blue. Group XI. Taping and intravenous dog-plasma-albumin plus 
methylene blue. Group XII. Taping and intravenous saline plus succinate. 

Group 1. It should be emphasized that long experience was essential for the 
development of the procedure outlined above and necessaiy to secure just those 
details required for a rapid development of signs of shock that would have a 
fatal outcome within a few hours without effective therap.y. These preliminaries 
are not included in the tabulated results that follow. Further, the control 
group was not completed as a unit, but accumulated gradually noth small num- 
bers of animals sandwiched in as the therapeutic variants were studied. 

This group now comprises 48 dogs included in table 1. 

Forty-seven of the 48 dogs died within the arbitrarily chosen limiting time 
of 48 hrs. Although the survival periods are spread over a larger time interval, 
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35 or 73 per cent of all animals died during the first 5f hrs., an average survival 
time of 3 hrs. Six of these 35 dogs or 12-1 per cent died within If hrs. after 
release of the tourniquet, too rapidly for the institution of therapy. The im- 
pression grew that this group with rapid fall of blood pressure to shock level 
within an hour more or less also developed early bradycardia and complete irreg- 
ularity far more frequently than those that survived for a longer time. 

When these 6 dogs or 12| per cent are discarded, there remain 29 animals, 
or 60.5 per cent, that survived 2 to 5f hrs. after the release of the tourniquets. 
The blood pressure in these began to fall prompt!}' but did not reach the low 
level so quickly. It averaged 70-85 mm. Hg after 1 or If hrs. and without 
therapy the pressure continued to fall. 

The remaining 12 animals or 25 per cent had a longer survival period. The 
large majority of these showed a more gradual drop in blood pressure. 

Group II includes 9 animals whose legs were taped immediately on release of 
the tourniquets from the hind legs. Three animals survived indefinitely. The 
average survival time for the remaining six was 32+ hrs., the shortest 16 hrs. 

There can be little question that immediate taping of the legs after release 
of the tourniquets plays an important part in the length of survival of the 
animal. This is in accord with findings of Duncan and Blalock (5). 

Group III comprises 9 animals whose hind legs were taped as indicated under 
procedure. The survival time as compared with that of group I where the 
legs were not taped is not significantly changed. It averaged 5f hrs., the spread 
for individual dogs approximated that of the control group closely and no 
beneficial effects can be attributed to this procedure alone. 

Group IV includes ten animals whose legs were taped after the release of the 
tourniquets in accordance with the adopted procedure and who .received saline 
intravenously in amounts equal to about 4 per cent of the body weight. 

Only one of these ten animals survived indefinitely. It is of interest to note 
that the shortest survival time was 5 hrs., and the average 12+ hrs. as compared 
to the control group in which the shortest time was less than 1 hr. and the 
average 5.7 hrs. 

The fall in blood pressure often was marked within the first hour after the 
release of the tourniquets. In some instances it continued to fall, in others it 
maintained the same level, while in still others it rose slightly during the in- 
fusion. Moreover, these variations in the blood pressure were not related 
to the survival time. 

Groxip V includes 18 animals that received freshly prepared, pooled, citrated, 
dog plasma one hour after release of the tourniquets on the hind legs. Table 
2 indicates the amount of plasma infusion — in general accord with the bod}' 
weight — and the fate of the dog. 

Only four of the 18 dogs failed to survive the arbitrary figure of 48 hrs. Three 
of these manifested changes at autopsy that might well have been expressions 
of other important causes than shock as contributing to their death. The other 
14 animals survived the 48 hr. limiting period and may well have lived on in- 
definitely'. This is the more remarkable since the cannulated and tourniquetted 
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left leg in contrast to the right developed dry gangrene with time in a number of 
the dogs and provided an excellent nidus for infection. 

The value of the plasma began to be manifested after 100 ± cc. had been 
infused. Although emphasis can not be laid on this observation the blood 
pressure began to rise; the cardiac action, often slightly irregular preceding infu- 
sion, became stronger and regular; the anesthesia became increasingly less and 
usually no longer evident by the time the infusion was discontinued. In the next 
four hours the dogs sat up and took water when this was offered. The record is 
typical. 


TABLE 2 


The influence of dog-plasma infusion an ihe survival lime 


COG NO. 

WEIGHT 

TOTAL AMOUNT OF 
DOG PM51TA USED 

SURVIVAL TIME 

REMARKS 

l 

Icsiv. 

12 

CC . 

350 

hours 

CO 


2 

10.0 

360 

03 


3 

12.3 

3C0 

so 


4 

9.1 

300 

OO 

\ 

5 

9.5 

340 

CO 


6 

12 

300 

OO 


7 j 

11.4 

390 

25 

Fulminating infection of 

8 

13.5 

1 

430 

CO 

leg with cl. Welchii 

9 

9.1 

400 

38 

Pneumonia 

10 

9.1 

400 

CO 


11 

10.9 

390 

CO 


12 

9.1 

350 

15 

Hemorrhages of the myo- 

13 

6.1 

350 

CO 

cardium involving His 
bundle 

14 

7.5 

490 

co 


15 

11.4 

400 

17 

No lesions found at au- 

16 

6.8 

350 

CO 

tops y 

17 

7.7 

400 

CO 


18 

8.4 

350 

03 



Group VI includes 12 dogs that received dog-plasma-albumin one hour after 
the release of the tourniquets. The plasma-albumin was prepared by saturation 
of the plasma with ammonium sulfate after the globulins had been removed by 
half saturation with the same agent. The ammonium sulfate albumin-precipi- 
tate was dialyzed first against tap water for one day at room temperature, then 
against distilled water for two days and finally against saline for two days, 
both at +4 0 C. Only traces of ammonium sulfate were detectable after final 
dialysis. The protein of the albumin solution was determined by the Kjeldahl 
method and brought to a content of 3.9 to 4.7 per cent to compare with the 
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colloid osmotic pressure of the plasma. 2 Table 3 shows the weight of the 
animals, the per cent of albumin and the amount of the infusion fluid as well 
as the result of the experiment. Only one of these 12 dogs survived for 46 hrs. — 
one for 24 hrs. and all the rest less than 17 hrs. The average was 16 hrs., 4 
hrs. longer than those that were infused with saline. The group includes several 
animals in which the blood pressure had only fallen slight^, to 85 or 90 mm. 
Hg when the infusion was started, and had been maintained at this level during 



Fig. 1. Blood pressure changes following the release of tourniquets occluding the hind 
legs of dog 2 of group 5, table 2. Therapy: Taping of legs plus dog plasma infusions. 

TABLE 3 


The influence of dog-plasma-albumin infusion on the survival time 


pOG NO. 

WEIGHT 

1 PERCENTAGE OF 

albumin sol. used 

TOTAL AMOUNT OF 
ALBUMIN SOL. USED 

SURVIVAL TIME 


kgm. 


CC . 

\ 

hours 

l 

9.5 

4.45 

340 

15 

2 

14.5 

4.45 

350 

24 

3 

11.4 

4.45 

540 

14 

4 

16.4 

4.75 

400 

8 

5 

13. G 

4.75 

460 

14 

6 

8.2 

4.75 

320 

14 

7 

13.6 

3.9 

480 

14 

8 

13.6 

3.9 

470 

12 

9 

14.1 

3.9 

470 

46 

10 

14.1 

4.0 

400 

4 

11 

10.0 

4.0 

350 

17 

12 

6.8 

4.0 

275 

13 


the following hour while the record was in progress. This is illustrated in the 
curve of dog 6, table 3. 

Group VII. The nine animals in this group received infusions of dog-plasma- 
globulin after the release of the tourniquets. The globulin was prepared by 
half saturation with ammonium sulfate; the resulting precipitate was dialyzed 

2 It is assumed that at equal molar concentrations the colloid-osmotic pressure (6) of 
albumin is at least 2.4 times larger than of globulin. 
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against tap water for a day at room temperature and then against 2 per cent 
saline for three days at 4°C. The protein content of the solution was ascer- 
tained by aid of the Kjcldahl method and brought to 4.75-5 per cent concen- 
tration with 1 per cent saline. One of these nine animals survived indefinitely, 
the remaining eight died in from 4-22 hrs.— an average of S.7 hrs. This com- 
pares unfavorably with albumin with a survival period of 1G+ hrs. and even with 
saline with 12'+ hrs. 

Group VIII includes eight animals infused with dialyzed dog-plasma 1 hr. 
after the release of the tourniquets. The dialysis of pooled dog-plasma was 
effected in closed cellophane sacs against saline at 4°C. for 8-10 days. 

In contrast to undialvzed plasma only one of these eight animals survived 
indefinitely. The others had an average survival period of 9 h hrs. spread be- 
tween 5 and 17 hrs. This does not compare favorably even with the results 
after saline infusion. It indicates clearly that plasma loses some important 
factor through dialysis as this was carried out. 



Fig. 2. Blood pressure changes following the release of tourniquets occluding the hind 
legs of dog 6 of group 6, table 3. Therapy: Taping of legs plus infusion with dog plasma 
albumin. 

Group IX includes 8 dogs infused with dog plasma. This was alkalinized 
with sodium hydroxide to pH 9.9-10.9, allowed to remain so at +4°C. for 3 
days and then return to pH 7.3 until hydrochloric acid. This plasma was not 
comparably efficacious in saving the lives of the animals. Two dogs did survive 
indefinitely but the other 6 all died within 19 hrs., an average of 11| hrs. One 
of the survivors received plasma that had been alkalinized to pH 9.9 and one to 
pH 10.9. This indicated that the unfavorable influences exerted by the alkali 
on the plasma are manifest at the lower pH level. 

Group X consists of 9 dogs infused with saline supplemented with from two 
to three intravenous injections of 5 cc. of 0.5 per cent methylene blue in saline 
during the course of the 1 hr. of therapy. 

The use of methylene blue was based upon the hypothesis that interference 
with tissue respiration may result in changes against which the hydrogen re- 
ceptor properties this dye offered might have advantages. The effect it exerts 
on blood pressure also was deemed desirable even if the manner in which this is 
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brought about is not clear. In accord with previous experience it was found 
that methjdene blue injection was followed invariably by a rise in blood pressure. 
If 50 mgm. of the dye are injected rapidly in 0.5 per cent concentration, the rise 
is acute and varies between 10 and 30 mm. Ilg. When the injection is repeated 


40 | 

2 HD. 

20 leg 

RELEASED 




2 NO. LEO TAPED 


Fig. 3. Blood pressure changes following the release of tourniquets occluding the hind 
legs of dog 13 of group 11, table 4. Therapy: Taping of legs plus infusion of dog plasma 
albumin and injection of methylene blue. 

TABLE 4 


The influence of infusion with dog-plasma-albumin plus methylene blue on the 

survival time ' 


DOG NO. 

' WEIGHT 

TOTAL AMOUNT OF 
ALBUMIN SOL. USED 

AMOUNT OF 
METHYLENE BLUE 

SURVIVAL TIME 


kgm. 

CC . 

mgm. 

hours 

1 

6.8 

275 

50 

OO 

2 

7.7 

290 

70 

CO 

3 

6.4 

250 

60 

CO 

4 

6.6 

270 

55 

5 

5 

15.0 

410 

50 

OO 

6 

11.8 

375 

75 

13 

7 

15.0 

390 

90 

8 

8 

11.4 

380 

90 

16 

9 

6.8 

300 

60 

CO 

10 

8.0 

350 

75 

40 

11 

7.3 

350 

65 

CO 

12 

8.6 

325 

75 

6 

13 

8.0 

325 

75 

CO 

14 

6.8 

450 

75 

12 

IB 

7.7 

400 

75 

38 

16 

10.0 

440 

80 

7 

17 

7.7 

400 

70 

22 

18 

8.6 

400 

75 

19 

19 

7.7 

300 

40 

CO 


five or ten minutes later the response is of the same order of magnitude. Only 
one dog survived and this animal did not have a marked fall in pressure before 
therapy was started. This probably would have occurred had there been 
further delay in treatment. The other seven dogs had a spread of from 3 to 3C> 
hrs. in survival time. 
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Group XI. These animals were subjected to the same procedures used in 
the preceding group with one exception. They were infused with dog-plasma- 
albumin instead of saline. The methylene blue injections were followed by 
the response already detailed. This is illustrated in figure 3. The blood pres- 
sure response following the injection of methylene blue though invariably 



Fig. 4. Blood pressure changes gollowing the release of tourniquets occluding the hind 
legs of dog 11 of group 12, table 5. Therapy: Taping of legs plus infusion of saline con- 
taining succinate. Note the lack of immediate influence of the infusion on the blood 
pressure — and the survival of the animal. 


TABLE 5 


The influence of infusion with saline plus succinate on the survival time 


DOG NO. 

WEIGHT 

TOTAL AMOUNT OF 
SALINE USED 

SUCCINATE USED 

SURVIVAL TIME 


kgm. 

CC. 

mgm. 

hours 

1 

7.7 


210 

19 

2 

9.5 


210 

00 

3 

8.G 


150 

00 

4 

11.4 


225 

14 

5 

9.8 


225 

10 

6 



600 

00 

7 

8.2 


600 

CO 

8 

11.4 

375 

600 

6 

0 



600 

13 

If) 

9.1 


600 

14 

U 

9.5 


600 

OO 

12 

8.2 


600 

16 

13 

8.4 

IKSJHi 

1200 

10 

14 



1200 

12 

15 



1200 

00 

16 

8.2 


1200 

CO 


present is not an absolute indication of the outcome of the experiment. Eight 
of the 19 dogs did survive, two of the remainder lived 38 and 40 hrs. respec- 
tively (table 4). 

Group XII includes 1G dogs infused with saline supplemented with sodium 
succinate adjusted with hydrochloric acid to a pH of 7.3. 

Succinate was used because of the recognized influence it exerts on the respira- 
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tion of surviving tissue. Whether it acts as a substrate bridging the interval 
when the tissue can not supply the necessary materials for oxidation or whether 
it functions as catalyst in the respiratory chain is still undecided. 3 Seven of 
these 16 animals survived. 

The blood pressure records of dogs 11 and 14 contrast remarkably and this 
is particularly interesting as dog 11, whose blood pressure had fallen from 
140 mm. Hg before the release of the tourniquets to less than 50 mm. Hg when 
therap 3 r was discontinued, recovered completely and survived, while dog 14 
whose pressure was 134 mm. Hg just before release of the tourniquets, fell to 64 
mm. Hg within 50 min. and then again rose to the pre-release level before therapy 
was discontinued, died within 12 hrs. 

The remarkable effect of the succinate-reinforced saline infusion on the 
heart should receive special mention. The cardiac contractions in most in- 
stances rapidly grew stronger and more regular as the infusion progressed and 
then a few hours after therapy was discontinued the behavior of the dogs in 
general was much more like those treated with plasma than after other therapies 
used, including albumin. Man 3 r sat up in their cages, accepted fluid and in 
general responded to the influences of their environment (table 5). 

SUMMARY 

1. A procedure is described that leads to “shock” with its characteristic mani- 
festations of drop in blood pressure, hemoconcentration, loss of plasma protein 
and further in the death of 97 to 98 per cent of the dogs subjected to it. To 
attain tliis result the tourniquets must be applied not onty to shut off the circula- 
tion of the hind legs but tightty enough actualty to damage the undertying soft 
tissues. 

2. When the legs are taped before or immediatety after release of the tourni- 
quets the incidence of shock is materialty reduced and even when signs develop 
man} r animals ultimatety survive. 

3. The processes active in the damaged tissues during the first hour after the 
restoration of the circulation, including the local loss of fluid, are adequate to 
initiate fatal shock. Interference with these b 3 r taping the legs one hour after 
the release of the tourniquets is followed b 3 r a slightty longer survival period 
but not by increased recoveiy. 

4. Therap 3 r ma 3 r be instituted at the end of one hour after the release of the 
tourniquets on the hind legs. At this time the animals are divisible into three 
groups on the basis of the severity- of their s 3 r mptoms. Twelve and a half per 
cent of the group are in an agonal state; 25 per cent do not yet show 
adequate signs of shock — the remaining 60.5 per cent have a marked fall in blood 
pressure and without treatment would die within a few hours. This latter 
group was chosen for therap 3 r . 

5. Restoration of the fluid content of the blood b 3 r intravenous infusion of 

3 Acknowledgment is gratefully made to Dr. Ephraim Shorr, Cornell Medical School, 
New York, for his advice concerning the amount of succinate and other valuable sugges- 
tions. 
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saline increases the survival period but leads to recovery only in one out of 10 
animals. 

G. Intravenous infusion of dog-plasma-albumin of a colloid-osmotic pressure 
equivalent at least to that of the total plasma further prolongs the survival 
period but does not influence recovery. 

7. Globulin preparations of 5 per cent concentration from dog-plasma are not 
as effective as saline. 

8. Citrated dog-plasma led to complete recover}' in 14 out of 18 dogs. The 
four animals that died had a long survival period and 3 of them shoved adequate 
other cause than shock for death. 

9. Dog-plasma dialyzed as described is no longer effective as a therapeutic 
agent. 

10. Dog-plasma alkalinized and readjusted to the original hydrogen concen- 
tration is no longer effective therapeutically. 

11. Methylene blue administered intravenously promptly raises the blood 
pressure of an animal in shock. As a supplement to intravenous saline infusion 
it neither increases survival time nor percentage recovery. 

12. Methj'lene blue as a supplement to dog-plasma albumin infusion prolongs 
the survival period and raises recovery rate to 42 per cent. 

13. Sodium succinate, injected intravenously, is followed temporarily by 
more forcible and more regular cardiac action. As a supplement to saline 
infusion it results in a recovery of 43 per cent of the animals. 

14. The beneficial influence of succinate contrasts to the known ineffective- 
ness of glucose. This may indicate a definite disturbance in the earlier stages of 
the carbohydrate breakdown. It is not known whether the phosphorus turn- 
over is involved. 

15. The therapeutic value of plasma is not fully explained by its colloidal 
osmotic pressure. The search for labile substances in plasma which restore 
metabolic processes is indicated. 
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The possibility of a humoral or hormonal mechanism for the gastric secretory 
response to a meal was suggested by Edkins in 1906 (1). Subsequent work has 
furnished corroborative evidence for the existence of such a humoral mecha- 
nism (2, 3, 4, 5). 

Kim and Ivy (6) obtained vaso-depressor free extracts of liver which contained 
potent secretagogues for gastric secretion. They also found that an isolated 
vagotomized pouch of the entire stomach could be made to secrete free acid bj r 
the slow intravenous injection of the extract, as well as by direct application to 
the gastric mucosa. According to their report, 400 mgm. of the extract was 
required to obtain a minimal response via the intravenous route while onfy- 
100 mgm. was required on direct gastric lavage. Thus a ratio of roughly 4 : 1 
was established. These observations upon threshold dose were not supported 
by any detailed data or experimental protocols. 

A series of sixty-three experiments were conducted to confirm these observations. 

Methods. Two dogs were prepared with vagotomized pouches of the entire 
stomach and esophago-jejunal anastomoses. The animals were fasted for ten 
to fourteen hours before each experiment. They were trained to stand in stocks 
while an experiment was in progress. 

Basal secretion was collected for two and one-half hours and titrated against 
0.0278 N NaOH(l cc. equals 1 mgm. HC1) for free and total acid with Topfer’s 
reagent and phenolphthalein. If any free acid was present during this period, 
the animal was not used for experimentation at that time. 

The intravenous injections extended over exactly thirty minutes. They were 
given by slow continuous drip into the basilic vein. The gastric secretion, during 
the thirty minute injection period and for two hours following, was collected 
and titrated in the same manner as the basal secretion. 

Direct gastric lavage was performed according to the method of Shoch and 
Bucher (7). This method consists of the insertion of a small rubber catheter 
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into the stomach pouch. The catheter is connected to one outlet of a three-way 
stopcock. A second outlet of the stopcock is connected to a piece of flexible 
rubber tubing draining into a small beaker which is suspended directly under 
the stoma of the pouch. The third outlet of the stopcock is attached to a 50 cc. 
syringe. This method permits the solution to be perfused into the pouch and 
the overflow allowed to drain back into the beaker by the proper adjustment of 
the stopcock. The overflow is then aspirated into the syringe (by turning the 
stopcock) and reperfused into the pouch (b} r again turning the stopcock). This 
procedure is continued for the thirty minutes of the lavage period. 

At the end of the thirty minute period, the perfusate is allowed to drain into 
the beaker as completely as possible, and is emptied into a graduated cylinder. 

A large rubber catheter, with numerous side openings to allow for drainage, is 
then inserted into the pouch in place of the smaller catheter. Fifty cubic 
centimeters of distilled water is then perfused into the pouch and allowed to 
drain out immediately into the beaker. This washing is combined with the 
perfusate and the volume measured. 

Post-lavage secretion is collected for two hours and titrated in the same man- 
ner as for intravenous administration. 

It is not possible to use accurately direct colorimetric titration for the lavage 
solution due to: 1, the color of the solutions; 2, the fact that the extract solution 
before lavage is not at neutralhy; 3, the possible buffering action of the various 
constituents of the solution. 

The pH of a sample of the original extract solution is determined by use of 
the glass electrode potentiometer. The pH of the lavage solution is determined 
and the solution titrated back to its original pH value with 0.0278 N NaOII 
(1 cc. equals 1 mgm. HC1). 

This method of estimating acid output has been found reliable by studies 
with solutions of known acid content. 

The liver extract used in this series of experiments was from a single batch 
of Lederle’s Liver Concentrate, 15 Anti-Pernicious-Anemia units per cc. 1 The 
extract contained no phenol or preservatives, and was filtered through a large 
Berkefeld filter and stored on ice in large sealed serum bottles. This extract 
was found to contain no vasodilatins by blood pressure studies on anesthetized 
dogs and action upon isolated guinea-pig intestinal strips. 

Measured amounts of the extract were diluted to 50 cc. with normal saline 
immediately before use. The saline was prepared from freshly distilled water 
before each experiment. The solution was then filtered through two thicknesses 
of No. 500 filter paper. 

Graduated amounts of the extract were used so that the minimal stimulating 
dose could be determined. The secretory response, in terms of total acid output, 
caused by different dosages of the liver extract is presented in the accompanying 
table. 

Results. It is evident from the data shown in table 1 that secretagogues 
applied directly to the stomach are more potent than secretagogues injected 

1 The liver extracts were generously provided by Dr. Y. Subbarow of Lederle, Inc. 
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intravenously. In dog 4, the lavage threshold dose is approximately 2.0 cc. of 
extract, while the intravenous threshold dose lies between 10 cc. and 20 cc. 
of extract. In dog 6, the lavage threshold dose is about 2.0 cc. of extract while 
the intravenous threshold dose is 5.0 cc. 

TABLE 1 


Total acid 


GASTRIC LAVAGE 

INTRAVENOUS 

Dose extract cc. 

Total acid Mgm. 
HC1 

Trials 

Dose extract cc. 

Total acid mgm. 
HC1 

Trials 


Dog 4 


2.0 

0.1 

2 

■Ml 

1.8 

3 




Hal 

1.2 

3 

4.0 

6.8 

1 

SSI’'’- 

0.9 

2 


5.8 

' 3 


5.2 

2 

6.0 

27.5 

5 

40.0 

43.9 

2 


14.4 

3 




8.0 

5.1 

3 










10.0 






11.0 

22.6 

1 




12.0 






13.0 






14.0 

17.0 

1 




Total trials 

19 



12 


Dog 6 


2.0 

1.0 

2 


0.0 

1 - 

3.0 

13.5 

2 

10.0 

3.8 

3 

4.0 

17.0 

3 

20.0 

10.5 

2 

5.0 

9.7 

2 

30.0 

21.8 

2 

6.0 

27.3 

3 

40.0 

14.7 

2 

7.0 

34.7 

3 




1 8.0 

36.4 

3 




9.0 

39.9 

1 




10.0 






• 11.0 

41.9 

2 




12.0 

* 





13.0 






14.0 

46.6 

1 




Total trials 

22 



10 


The reported observation of a ratio of 4:1 for threshold doses (6) is not con- 
firmed by these data; the ratio is subject to variation between dogs. However, 
the more important observation of Kim and Ivy (6) is confirmed, namely, that 
secretagogues are more potent when applied to the gastric mucosa than when 
injected intravenously. 
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Discussion. A humoral mechanism of gastric secretion has been established 
(2, 3, 4, 5). This humoral mechanism for the gastric phase of gastric secretion 
involves one of three general processes: 1, gastric secretatogues, present in foods, 
pass directfy through the gastric mucosa and pass via the blood and lymph 
channels to the gastric secretory mechanism; 2, gastric secretagogues, present 
in foods, become altered in the stomach wall and then pass into the blood and 
lymph in an altered form to reach the gastric secretory mechanism; 3, gastric 
secretagogues, present in foods, stimulate the formation of a new substance, a 
hormone, in the gastric mucosa or submucosa which passes into the blood and 
lymph and stimulates the gastric secretory mechanism. 

CONCLUSION 

The results of this study indicate that secretagogues do not act by passing 
directly into the blood in an unchanged form, but act either in an altered form, 
the alteration being due to gastric juice, or by stimulating the elaboration of a 
gastric hormone. 
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Bovet and Staub (1937) reported that thymoxyethyldiethylamine (929 F) 
antagonized some of the phj r siologic actions of histamine. Staub (1939) found 
that N-diethylaminoethyl-N-ethylaniline (1571 F) was, in some of its actions, a 
more active antagonist of histamine than 929 F. Loew and Chickering (1941) 
found that 929 F did not decrease but significantly increased the gastric secre- 
tory response to histamine from Ileidenhain pouches in dogs. Bourque and 
Loew (1943) reported that 1571 F reduced gastric secretion after stimulation by 
both histamine and pilocarpine, but failed to influence the gastric secretory re- 
sponse to a meal from dogs that had Heidenhain pouches. Burchell and Varco 
(1942) found that neither 929 F nor 1571 F affected the secretory response of 
dogs that had Heidenhain pouches to histamine. 

The present investigation was carried out to determine the effect of 929 F 
and 1571 F on the normal gastric secretory process by studtung their action on 
the secretory response to a meal. The effects of 929 F on the gastric secretory 
response to mecholyl chloride and to small doses of histamine have also been 
studied. 

Methods. Gastric secretion was studied in ten dogs. Four had pouches of 
the Pavlov type (Gregory, Hallenbeck and Code, 1942), four had Heidenhain 
pouches and two had transplanted gastric pouches. The animals were fasted 
for eighteen to twenty-four hours before collections of gastric juice were begun. 

Mecholyl chloride was administered at constant rates by the continuous in- 
travenous drip method. Histamine diphosphate was administered both in dilute 
solution by the continuous intravenous drip method and by intramuscular in- 
jection of a mixture of histamine, beeswax and sesame oil, which resulted in slow 
absorption and prolonged action of the histamine (Code and Varco, 1942). 
Doses of histamine are expressed in terms of the base. 929 F and 1571 F were 
provided by the Abbot Laboratories. Dr. M. H. Power and Dr. H. L. Mason 
kindly analyzed these compounds for their chlorine and nitrogen content and 
determined their melting points. The 929 F was found to be pure. The 1571 
F was found to be pure except for the presence of 8.1 per cent of water by weight. 
Doses of 929 F are expressed as the monohydrochloride; doses of 1571 F are ex- 
pressed as the dihydrochloride. 

Doses of 929 F varied from 1 to 4 mgm. per kilogram of body weight per hour 

1 Abridgment of thesis submitted to the Faculty of the Graduate School of the University 
of Minnesota in partial fulfillment of the requirements for the degree of Ph.D. in Physiology. 
The work on which this paper is based was done at the Institute of Experimental Medicine 
of the Mayo Foundation. 
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when the drag was given intravenously by continuous drip, and from 2 to 4 
mgm. per kilogram per hour when it was given subcutaneously. These doses 
of the drag were subemetic. Slightly larger doses produced emesis. 1571 F 
was given by continuous intravenous drip in doses of 15 to 20 mgm. per kilogram 
per hour. With these and larger doses the drag was not emetic when given in- 
travenously. The larger doses, however, produced a state of increased irrita- 
bility suggestive of stimulation of the central nervous system. Neither drag 
caused elevation of body temperature. 

In experiments in which the gastric secretory response to a meal was studied, 
the secretory stimulant consisted of raw lean horse meat. The weight of meat 
fed was constant for each dog throughout the study, ranging from 100 to 300 
grams for the different dogs. 

Samples of gastric juice were collected at thirty-minute intervals. When 
it had been established that fasting secretion was not present in amounts ex- 
ceeding a fraction of a cubic centimeter, the secretory stimulus was given. The 
volume of each sample was determined and aliquots were titrated for free acid, 
Topfer’s reagent being used as the indicator. 

Results. 1. The effect of 929 F on the gastric secretory response to histamine. 
In tests on two dogs that had Heidenhain pouches, gastric secretion stimulated 
by histamine given by continuous intravenous drip at a dose of 150 micrograms 
per hour was not inhibited by the subcutaneous injection of 929 F. Indeed, in 
the majority of the tests the output of gastric juice was greater after administra- 
tion of the 929 F than before its administration. A similar result was obtained 
when the histamine was given intramuscularly in a mixture with beeswax and 
sesame oil. These results are in agreement with the earlier findings of Loew 
and Chickering (1941). 

2. The effect of 929 F on the response of Heidenhain pouches to mecholyl chloride. 
As Gray and Ivy (1937) have shown, there exists for a given dog a dose of mecho- 
lyl chloride which is optimal for stimulation of gastric secretion. Such optimal 
doses of the drug, given intravenously by continuous drip, were established for 
each of four dogs that had Heidenhain pouches. The volume and free acidity 
of the gastric juice secreted during the first two hours of the response to mecho- 
lyl chloride were compared with those of the juice secreted during the first two 
hours of the response to a mixture of mecholyl chloride and 929 F. In the latter 
case the 929 F was first given alone in physiologic saline solution for thirty 
minutes, and then the mecholyl chloride was added to the solution and the two 
were given simultaneously. 

Twenty-six tests were conducted on the four dogs that had Heidenhain 
pouches. Three of the four dogs showed diminished output of juice and hydro- 
chloric acid, and one of the dogs showed an increased output of juice when 929 
F was given (table 1). The differences between the weighted mean values for 
the four dogs were 1 .7 per cent for volume of juice and 8.5 per cent for output of 
hydrochloric acid, both figures indicating a decrease of secretion after administra- 
tion of 929 F. However, the standard errors of the various mean differences 
were large. In no case was a mean difference as much as three times the magni- 
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tude of its standard error, the criterion here accepted to indicate significance of 
the figure. Thus, although three of the four dogs showed diminished volume 
and output of acid with 929 F, the magnitude of this reduction was definitely 
within the limits of the control observations. It has been concluded, therefore, 
that 929 F does not have any significant effect on the gastric secretory response 
to mechofyl chloride from Heidenhain pouches in dogs. 

3. The effect of 929 F and 1571 F on the gastric secretory response to a meat meal. 
Secretory responses to a meal were studied in four dogs that had Pavlov pouches, 
two dogs that had Heidenhain pouches and two dogs that had transplanted gas- 
tric pouches. During some of the control trials in all of the animals physiologic 
saline solution was given intravenously by the continuous drip method at a 
rate of 50 cc. per hour for the first one or one and a half hours after the meal was 
fed. This procedure duplicated the conditions of the trials in which either 929 

TABLE 1 


The effect of 929 F on the first two hours of the gastric secretory response to mecholyl chloride 
of four dogs that had Heidenhain pouches 



EXPERIMENTS 

DIFFERENCE BETWEEN SECRETION WITHOUT 929 F AND THAT WITH 929 F 

DOG 

Without 

With 

In volume of secretion 

In output of hydrochloric acid 


929 F 

929 F 

Mean difference j 

Per cent 

Mean difference 

Per cent 




CC. 


mgm . j 


1 

3 

3 

-0.3 db 2.5* 

-3.3 

-7.3 ± 8.0 

-33.3 

2 i 

3 

3 

—4.6 dz 3.6 

-34.6 

-25.4 afc 20.5 

-48.7 

3 

4 

4 

+4.0 db 11.2 

+12.0 

+24.5 ± 67.5 

+15.4 

4 

3 

3 

— 1.9 db 3.5 

-11.3 

-27.4 ± 16.8 

-41.1 

Total — 

13 

- 

13 

-0.3 db 3.2 

-1.7 

-6.3 db 18.2 

-8.5 


* Standard error. 


F or 1571 F was used. In no case did administration of physiologic saline solu- 
tion alone inhibit the gastric secretory response to the meat meal. 

(a) Pavlov pouches. 929 F and 1571 F inhibited the gastric secretoiy response 
to a meal in dogs that had Pavlov pouches. In general, such inhibition became 
evident about thirty minutes after the administration of either of the drugs had 
been started. Maximal inhibition usually persisted for a half to one hour after 
the administration of either of the drugs had been stopped. During the follow- 
ing two hours-, the rate of secretion gradually increased. During the first two 
horn's after ingestion of the meal the inhibition of volume of juice and output 
of hydrochloric acid after administration of 929 F varied from about 30 per cent 
to about 80 per cent of the control values, while that for 1571 F varied from about 
65 per cent to 90 per cent of the control values (tables 2 and 3). The differences 
were found to be statistically significant. 

(b) Heidenhain pouches. One dog (Heidenhain 1, table 4) received 929 F 
subcutaneously in a dose of 2 mgm. per kilogram of body weight at the time of 
feeding. The volume of -juice and output of hydrochloric acid were reduced 
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TABLE 2 


The effect of 929 F on the first two hours of the gastric secretory response of pouches of the Pavlov 

type to a meal meal 



EXPERIMENTS 

DIFFERENCE BETWEEN SECRETION WITHOUT 929 F AND THAT WITH 929 F 

DOG 

Without 
929 F 

With 

929 F 

Reduction of volume of secretion 

Reduction of output of hydrochloric 
acid 


Mean difference 

Per cent 

Mean difference 

Per cent 




cc. 


mgm. 


1 

7 

4 

35.0 ± 5.0* 

71.6 

194.6 ± 25.3 

78.5 

2 

12 

3 

27.6 ± 4.4 

46.2 

157.8 ± 28.6 

47.9 

3 

6 

4 

18.5 ± 4.7 

6S.3 

101.7 ± 26.0 

74.1 

4 

7 

4 

19.4 ± 4.5 

31.6 

106.8 ± 25.6 

32.6 

Total 

32 

15 

28.0 =fc 1.8 

54.3 

158.2 ± 13.2 

57.5 


* Standard error. 


TABLE 3 


The effect of 1571 F on the first two hours of the gastric secretory response of pouches of the 

Pavlov type to a meat meal 



i EXPERIMENTS 

DIFFERENCE BETWEEN SECRETION WITHOUT 1571 F AND THAT WITH 1571 F 

DOG 

Without 
1571 F 

With 

1571 F 

Reduction of volume of secretion 

Reduction of output of hydrochloric 
acid 


Mean difference 

Per cent 

Mean difference 

.. ! 

Per cent 




cc% 


mem. 


1 

7 

2 

36.3 ± 3.8* 

74.2 

197.2 ± 20.1 

79.5 

2 

12 

2 

39.0 ± 2.6 

65.3 

234.9 ± 17. S 

71.4 

3 

6 

2 

21.9 ± 4.6 

80.8 

122.9 =fc 25.9 

90.0 

4 

7 

2 

43.3 ± 4.3 

, 70.5 

245.8 =b 32.1 

74.9 

Total — ' 

32 

8 

37.4 ± 3.7 

72.5 

214.7 ± 20.5 

78.0 


* Standard error. 


TABLE 4 


The effect of 929 F on the first two hours of the gastric secretory response of Heidenhain and 
transplanted gastric pouches to a meat meal 


DOG 

j EXPERIMENTS 

REDUCTION OF VOLUME 

OF SECRETION 

REDUCTION OF OUTPUT 

OF HVDROCHLOR1C ACID 

Without 
929 F 

With 
929 F 

Mean difference 

Per cent 

Mean difference 

Per cent 

Heidenhain 1 

4 

3 

cc. 

6.2 rfc 1.8* 

36.7 

mgm. 

31.5 zt 14. S 

45.9 

Heidenhain 2 

4 

3 

8.9 db 1.7 

65.4 

49.9 =b 10.1 

83.0 

Transplant 1 

3 

1 

4.6 

59.0 

11.9 

100.0 

Transplant 2 

4 

4 

11.6 ± 0.5 

80.6 

60.5 ± 1.5 

S9.1 


* Standard error. 
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36.7 and 45.9 per cent respectively. The other dog (Heidenhain 2, table 4) 
received 929 F by continuous intravenous drip for one hour after feeding. The 
mean inhibition of the volume of juice secreted during the first two hours was 
65.4 per cent; that of the output of hydrochloric acid was 83.0 per cent. With 
one exception, all mean differences were statistical^ significant. 

(c) Transplanted gastric pouches. One dog (transplant 1, table 4) was given 
multiple subcutaneous injections of 929 F at intervals after ingestion of the 
meal. No free hydrochloric acid was secreted during the first two hours, a 
phenomenon which did not occur in three trials without the drug. The other 
dog (transplant 2, table 4) received 929 F bj r continuous intravenous drip for 
one hour after feeding. The volume of juice and the output of hydrochloric 
acid were inhibited 80.6 and 89.1 per cent respectively when 929 F was given. 
The mean differences were statistically significant. 

Thus, throughout these experiments 929 F uniform^ inhibited the secretoiy 
response of Pavlov, Heidenhain and transplanted gastric pouches to the inges- 
tion of a meat meal. Likewise, 1571 F inhibited the secretoiy response of Pav- 
lov pouches to the ingestion of a meat meal. The action of 1571 F on the re- 
sponse of Heidenhain and transplanted gastric pouches to a meat meal was not 
tested. 

One dog that had a transplanted gastric pouch was prepared with a Mann- 
Bollman fistula of the stomach so that simultaneous records of gastric secretion 
and motility could be obtained. The secretory response of the pouch was in- 
hibited as much as 80 per cent by 929 F without inhibition of gastric motility. 
This observation plus the finding in another study that inhibition of gastric 
motility by 929 F is inconstant (Hallenbeck, Code and Mann) indicates that 
inhibition of gastric motility plays a minor role, if any, in the inhibitory action 
of 929 F on the gastric secretory response to a meal. 

Comment. The results after administration of 1571 F indicate that this 
drug inhibits the gastric secretory response of Pavlov pouches to the ingestion 
of a meat meal. Bourque and Loew (1943), however, observed that 1571 F 
failed to influence the response of Heidenhain pouches to a meal. The difference 
in the results is probably , due to the difference in the nerve supply of the two 
types of pouches. 

There is a possibility that part of the inhibition exercised by 929 F on the re- 
sponse of Pavlov pouch dogs to a meal may be the result of depression of psychic 
stimulation by the nausea which the drug may cause. Atkinson and By (1938) 
have shown that apomorphine, emetine hydrochloride and quinine in emetic 
and subemetic doses can inhibit the gastric secretoiy response to histamine in 
dogs that have Pavlov pouches. However, the fact that the response to a meal 
is also inhibited in Heidenhain and transplanted pouch preparations in dogs 
treated with 929 F shows that inhibitory stimuli or diminution of psychic secre- 
tory stimuli reaching the gastric glands of the pouches via nerves is not an all- 
important factor. 

The data in this report do not suggest that the inhibition of the gastric secre- 
tory response to a meal in dogs by 929 F and 1571 F is the result of direct antag- 
onism of these dmgs to histamine. 
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SUMMARY AND CONCLUSIONS 

A study was made of the effect of 929 F and 1571 F on the secretory response 
of gastric pouches in dogs. The results were as follows: 

1. The finding of other investigators that 929 F does not inhibit the secretoiy 
response of Heidenhain pouches to histamine was confirmed. 

2. 929 F did not significantly alter the gastric secretory response of Heiden- 
hain pouches to mecholyl chloride. 

3. 929 F inhibited the gastric secretory response of Pavlov, Heidenhain and 
transplanted pouches to the ingestion of a meat meal. 

4. 1571 F inhibited the gastric secretory response of Pavlov pouches to the 
ingestion of a meal. 

I should like to express my gratitude to Dr. Charles F. Code for his help and 
guidance throughout the course of this study. 
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The marked influence of hyperventilation on the spontaneous activity of the 
cerebral cortex has been repeatedly studied and over-breathing tests have be- 
come a routine procedure in clinical electro-encephalography. Nevertheless, 
very little is known about the action of CO 2 changes on the provoked cortical 
responses. Information on this point might bring some light on several obscure 
points. 

Brody and Dusser de Barenne (1932) studied the effect of hyperventilation 
on the responses to electrical stimulation of the cortex by recording the muscular 
contraction provoked b}' - the stimuli. With this procedure, however, several 
structures intervene between the cortex and the reacting muscles, that might 
react in different ways to the hyperventilation. 

As opposed to this indirect method of approach, the stud}' of the electrical 
self-sustained "tonic-clonic” responses recently analyzed bj r Rosenblueth and 
Cannon (1942) gives direct evidence about some cortical properties and their 
variations under different experimental conditions. 

Method. Cats were used. In most of the experiments dial (Ciba, 0.65 cc. 
per kgm. intraperitoneally) was the anesthetic. Some animals were studied 
after a mesencephalic transection (Bremer, 1935a) ; in these cats a short period 
of ether anesthesia preceded the transection; bleeding during the operation was 
prevented by intermittent occlusion of the carotid arteries. 

Tracheal cannulae with a side hole were used. Hyperventilation was induced 
by increasing the amount of air delivered or by speeding up the frequency of an 
artificial-respiration pump. A double action (suction and thrust) pump was 
used in order to give definite gas mixtures contained in Tissot gasometers. 

The blood pressure was recorded in most of the experiments from the left 
carotid artery by means of a Hurthle manometer. Four per cent sodium citrate 
solution was employed for prevention of clotting and care was taken to prevent 
the animal receiving appreciable amounts of that solution during falls of blood 
pressure, since a large and sometimes irreversible decrease of cortical activity 
was observed when this occurred accidentally. 

The cerebral hemispheres were exposed and the stimulating and recording 
electrodes (silver wires with a small bead at the tip) were applied to the surface 
of the pia. The interelectrodal distance was about 5 mm. both for stimulation 
and for recording. The stimuli were series of induced shocks from a Harvard 
coil with 3 volts on the primarjn The maximal distance between the coils that 
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yielded a well-developed “self -sustained response” was used. This distance was 
about 8 cm. in most cases. The duration of the trains was ordinarily 2 to 3 
seconds and a constant interval of 2 to 3 minutes was allowed between successive 
periods of stimulation. Possible interfering facilitation and extinction factors 
(see Dusser de Barenne and McCulloch, 1939) were thus minimized. 

The electrical phenomena in the cortex were recorded from 2 to G pairs of 
silver electrodes applied to the pia on different regions in one or both cerebral 
hemispheres. After capachy-coupled amplification the responses were recorded 
by means of ink-writing moving-coil galvanometers (six-channel Grass oscillo- 
graph). The amplifiers were operated in push-pull. The time constant was 
0.15 second. The animal was grounded through a lead attached to the head- 
holder. 

In the experiments in which occlusion of the abdominal aorta was performed 
a thread was passed under the artery above the renal arteries and both ends of 
the thread were then inserted into a piece of glass tubing; a hemostat supporting 
the thread on the free end of the tubing permitted an adequate regulation of the 
degree of occlusion. This device allowed closure of the abdominal cavity during 
the experiments. 

Results. A. The self -sustained responses during hyperventilation. We call 
“self -sustained responses” the periods of electrical events recorded from the 
cortex after adequate cortical stimulation. By extension of the term applied to 
the muscular contractions that under certain conditions accompany such cortical 
responses, these will also be called “tonic-clonic” (Rosenblueth and Cannon, 
1942). 

Hyperventilation with ordinary air invariabty produced a decrease and eventu- 
ally a suppression of the self-sustained responses. The time required for that 
effect was 1 to 5 minutes in most animals. The decrease in the self-sustained 
responses occurred not only as a shortening of the period of activity but also as 
a fall in voltage and a slowing of rate of the cortical discharges. In even r in- 
stance either or both of these changes were evident. Thus the total energy 
consistently decreased (fig. 1). Increases were not observed. 

The changes in cortical activity were reversible, provided the periods of hyper- 
ventilation were not too long. The recovery toward the original normal response 
was progressively slower after longer hyperventilation. Multiple leads from 
both cerebral hemispheres were used in order to study the influence of hyper- 
ventilation on the spread of the tonic-clonic responses. The changes were 
more or less parallel in all the leads (fig. 2). 

A change of the type of the self -sustained responses to the cortical stimuli was 
sometimes observed during hyperventilation. The initial fast components de- 
creased first and the clonic stage seemed to be relatively prolonged, although the 
total duration of the response was reduced. 

The changes described were present when hyperventilation was tried after 
bilateral section of the vagi. Cats with a mesencephalic transection showed 
also similar changes and the same phenomenon was observed in animals in which 
blood-pressure changes were prevented, as will be described under C. 
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B. 1 he self-sustained responses with impaired cerebral circulation. Blood- 
pressure records showed a marked fall during hyperventilation ; an immediate 
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Fig. 1. Decrease of the self-sustained response of the cerebral cortex of the cat, after 
hyperventilation with ordinary air. The records begin shortly after the stimulus had been 
applied. This and the following electrical records were taken with capacity-coupled ampli- 
fiers and ink-writing galvanometers. Time calibration: 0.5 sec. 

A. Responses to faradic stimulation (2 sec.), before, a, and after, b, 2 min. of 
hyperventilation. 

B. The fall of blood pressure was prevented by compressing the abdominal aorta. Re- 
sponses to the same faradic stimulations before, a, and after, b, 4 min. of hyperventilation. 


A B 

1 1 ] — 



W/WWVY 




C D 

— VjrvrryyVTYln^^ 





4 

Fig. 2. Simultaneous effects of hyperventilation at several regions of the cerebral cortex. 
Stimulating electrodes on left suprasylvian gyrus, middle portion. Records 1 , 2 and 3 from 
pairs of electrodes on the frontal, temporal and occipital regions of the left hemisphere 
respectively; 4 and 5 from the frontal and posterior parts of the right suprasylvian gyrus. 
A to D are strips showing the responses about 2 sec. after their beginning. Calibration: 
0.5 sec. 

A, normal response. B and C, after 3 and 5 min. of hyperventilation, respectively. D, 
6 min. after the hyperventilation was stopped. 

drop was followed after some irregular waves by a secondary slow progressive 
decrease. This striking change of blood pressure required some controls. 
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First the effect on the self-sustained responses of some other procedures that 
produce a decrease of blood pressure was tested, i.e., electrical stimulation of 
the peripheral ends of the vagus nerves (fig. 3 A) and obstruction of the venous 
return by compression of the heart (fig. 3 B). Under both of these conditions 
the cortical responses were markedbr decreased. 

In some demonstrative experiments after the self-sustained responses were 
clearly decreased by hyperventilation, a definite improvement was obtained by 
bringing the blood pressure back to normal bj r the procedure described in C; they 
became depressed again when the pressure was released. 

The obvious mechanism suggested by these results was that the depression 
was caused by the ischemic condition of the brain. Tins factor was tested by 
clamping the intact carotid (the other one being previously occluded for blood 


ABC 



Fig. 3. Effect of decreased blood pressure and impaired cerebral circulation on the self- 
sustained responses of the cerebral cortex. The figure shows in each case the beginning of 
the response to cortical stimulation. Time calibration: 0.5 sec. 

A. Before, a, and after, b, 40 sec. of stimulation of the peripheral end of the left vagus. 

B. Before, a, and after, b, 1 min. of obstruction of the venous return by compression of 
the heart. 

C. Before a, and after, b, 1 min. of occlusion of both carotid arteries. 

pressure recording). The cortical responses were quickly reduced in spite of 
the reflex increase of blood pressure. Half a minute after the clamping, the re- 
sponses were already reduced ; 1 to 3 minutes of occlusion were enough to suppress 
any cortical response and even the spontaneous activity disappeared (fig. 3 C). 

C. Hyperventilation without changes of blood pressure. In order to eliminate 
the circulatory factors, the fall of blood pressure that occurs during hyper- 
ventilation was avoided, by simultaneous occlusion of the abdominal aorta. 
The marked increase of pressure that can be obtained by this procedure was 
adjusted to the desired value, as described under Methods (p. 335). Despite 
the unchanged blood pressure, acapnia resulting from hyperventilation decreased 
the cortical responses, but the effect took a longer time to become evident and 
it was less marked than the decrease when the blood pressure went down (fig- 
I B). Increases of blood pressure above normal values during normal breathing 
failed to produce any change of the responses. 
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D. Hyperventilation without acapnia. Hyperventilation without acapnia was 
obtained by the administration of air with 4 to 5 per cent C0 2 . There was no 
decrease of the self-sustained responses if the blood pressure was kept normal, but 
some decrease when the blood pressure was not prevented from falling (fig. 4). 

Hyperventilation with high concentrations of C0 2 (8 to 10 per cent) did not 
decrease cortical responses. Clamping of the aorta was then unnecessary to 
preserve a normal blood pressure, since after an initial and brief drop, the pressure 
recovered by itself to its previous value (fig. 4 C). 

E. The spontaneous activity of the cortex. It was not the purpose of this stud}*- 
to consider systematically the changes of spontaneous activity during hyper- 
ventilation, and only incidental observations wall be reported here. In general 
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Fig. 4. Effect of hyperventilation without acapnia on the self-sustained response of the 
cerebral cortex. The electrical records show the beginning of the responses to cortical 
stimuli. The kymographic records show the blood-pressure changes during the periods 
of hyperventilation, as indicated by the upper signal. The lower signal marks cortical 
stimulations. Calibrations, for a and b : 0.5 sec. ; for c : millimeters of mercury. 

A. Before, a, and after, 6, 1 min. of hyperventilation with 4 per cent C0 2 . 

B. As in A, but the fall of blood pressure was prevented by occlusion of the aorta. The 
record of Bb was taken after 5 min. of hyperventilation. 

C. Before, a, and after, b, 3£ min. of hyperventilation with 8 per cent C0 2 . 


it majr be said that the spontaneous activity presented changes in the same 
direction as those of the self-sustained responses. In other words, hyperventila- 
tion produced always a decrease of activity (fig. 5); this decrease was more 
striking when a fall of blood pressure accompanied the acapnia, but it could be 
seen also when that fall was prevented. This effect was found also in cats with 
mesencephalic transection in opposition to what Bremer (1935b) reported. 
There was no temporal correlation, however, between the changes in spontaneous 
activity and those in the tonic-clonic responses. Thus, the decrease of the 
latter responses occurred sometimes before any change of the spontaneous 
background was detectable; and sometimes the background spontaneous waves 
decreased first. We are unable to report the changes in pattern of the back- 
ground activity, because they were not systematic in the short records taken. 
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By “decrease of activity” is meant that in general there were simultaneous falls 
of voltage and frequency which predominated over any occasional increase in 
the duration of some potential changes. Frequently the peculiar pattern in the 
cortical activity of an animal under barbituric anesthesia was maintained 
throughout an experiment and variations were observed only in the voltage and 
frequency of the individual waves of the “spindles.” 

Discussion. Hyperventilation decreases the self-sustained responses of the 
cerebral cortex. This effect was invariably observed in these experiments, as 
reported in section A. The decrease affected three features of the responses: 
the duration, and the voltage and frequenc 3 r of the components. It is interesting 
to contrast these results noth the ability of hyperventilation to induce attacks of 
“petit mal” in epileptic patients (Foerster, 1924). 

The report of Brody and Dusser de Barenne (1932) that hyperventilation 
causes an increase of the motor responses to cortical stimulation seems to be in 
contradiction with the present observation. It is pertinent to point out, how- 
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Fig. 5. Effects of hyperventilation on the spontaneous activity of the cerebral cortex 
of the cat. Electrodes on the frontal, middle and posterior portions of the suprasylvian 
gyrus. Calibrations: 0.5 sec. and 500 pv. 

A. Normal record. B and C, after 1 and 3 min. of hyperventilation, respectively. D, 
1-1- min. after the hyperventilation was stopped. 

ever, that Brody and Dusser de Barenne studied responses which were not the 
electrical potentials of the cortex but muscular contractions recorded by a 
Marey tambour. It is evident that in that procedure there are many steps and 
structures involved that may react to hyperventilation in different or even 
opposite ways. Striking among such possible effects is the increase of excit- 
ability of nerve and the change of accommodation that sometimes make “repeti- 
tive” the responses to single-threshold shocks (Rosenblueth and del Pozo, 1942). 
Brody and Dusser de Barenne reported also in the same paper some observations 
under strychnine in which hyperventilation or NaHCCh not only produced 
bigger responses but also a shortening of latency, epileptoid after -discharges, and 
spread to other muscular groups. These effects suggest a central action of 
hyperventilation, but the number of factors at play under those conditions makes 
an evaluation difficult. 

Variable effects of hyperventilation on different structures may explain why, 
notwithstanding the remarkable action that acapnia has on the excitability and 
accommodation of nerve, a reflex may be decreased, as was the knee-jerk in the 
studies of Henderson (1910), or may be unchanged, as in four cats tested in our 
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series for the effect of hyperventilation on the flexor reflex. Decrease of hearing 
(Gellhom and Spiesman, 1935), of visual intense discrimination (Gellhorn, 
1936) and several other depressant actions may be mentioned. The increase of 
visual sensitivity of the dark-adapted eye (Wald, Krieger and Goodman, 1942) 
further illustrates the variability of the effects of hyperventilation, depending 
on the structure considered. 

The marked fall of blood pressure during hyper ventilation showed an initial 
drop and a secondary progressive decrease. When the hyperventilation was 
carried out with gaseous mixtures containing over 4 per cent C0 2 , the sharp 
initial drop persisted, but it was followed by a gradual recovery of the previous 
normal blood pressure. These results demonstrate that only the initial fall of 
blood pressure is due to the change in the intrathoracic pressure. The progres- 
sive secondary fall that takes place when ordinary air is used for hyperventilation 
is due to the acapnia induced (Dale and Evans, 1922). 

Striking decreases both in self -sustained cortical responses and in spontaneous 
activity were observed in our experiments during decreases of blood pressure 
induced without changes in respiration (p. 338, fig. 3). Beecher, McDonough 
and Forbes (1938) found the same effect on spontaneous activity during falls 
of blood pressure produced by Cannon’s method of cardiac tamponade (Cannon, 
1923). Such remarkable decreases in cortical activity are probabty due to cere- 
bral ischemia (p. 338, fig. 3 C). The recovery from the ischemic effects was 
very slow in spite of the fact that the vertebral arteries were not occluded (see 
Stewart, Guthrie, Burns and Pike, 1906). Large as the effect of the fall of blood 
pressure is in decreasing the cortical activity, during hyperventilation the acapnia 
adds its independent effect, which was evident in the experiments under normal 
blood pressure (p. 338, fig. 1 B). 

The spontaneous activity was not specially studied, but our incidental ob- 
servations are in accord with other reports on the slow frequency of the com- 
ponents during hyperventilation (p. 339, fig. 5). Gibbs, Williams and Gibbs 
(1940), using the Grass analyzer, found that associated with low C0 2 tension in 
the jugular blood during hyperventilation there is an increase in the total energy 
and a shift toward the slow end of the frequency spectrum in the electroencepha- 
logram. We did not notice any obvious increase of energy, and the occasional 
changes of pattern were not consistent enough to warrant detailed discussion. 

It would be natural to suppose that the hyperventilation that we produced 
would cause an acapnia, but we have no direct information about the state of the 
cortex. Dusser de Barenne, Marshall, McCulloch and Nims (1938) have found 
changes in the local pH of the cortex correlated with cortical activity which were 
not always parallel with the pH of the blood. Furthermore, the vasoconstrictor 
effect of a reduction of C0 2 may oppose the loss of C0 2 from the cortex. Gibbs, 
Gibbs, Lennox and Nims (1942) present evidence that indicates the primary 
importance of the C0 2 tension of the brain in determining the electroencephalo- 
graphic changes that occur during and after hyperventilation. Davis and 
Wallace (1942) had previously suggested that the changes might be the result 
of anoxia produced by the vasoconstriction. Since in our experiments neither 
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COo tensions nor 0 2 tensions were measured, an}' discussion about the mechanism 
underlying the changes that we observed in the cortical activity would be purely 
speculative. 


SUMMARY 

The effect of hyperventilation on the self-sustained responses of the cortex 
was studied in cats. Hyperventilation produced a decrease of the self-sustained 
responses. This decrease affected the duration of the response, and the voltage 
and frequency of the discharges (p. 336, figs. 1 and 2). 

The decrease of the responses was observed in animals in which the blood 
pressure was kept unchanged during hyperventilation (p. 338, fig. 1 B). 

Induced falls of blood pressure, with normal respiration, produced also marked 
decrease of the self-sustained responses (p. 338, figs. 3 A and B). Cerebral 
ischemia by bilateral carotid occlusion resulted in the same effect (p. 338, 
fig- 3 C). 

Incidental observations were made on the effects of hyperventilation on the 
spontaneous activity of the cortex. Decreases in voltage and frequency were 
found during hyperventilation (p. 339, fig. 5). 
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The results reported in the literature on the effect of coffee or its constituents 
on enzjunic activity are meager. Sabalitschka and Schulze (1925) found caffeine 
to have no effect on malt am\dase. Ohnishi (1928) reports activation of pro- 
tease by caffeine. Heide and Sehilf (1929) in experiments in vivo found that 
milk was more rapidly digested in the stomachs of rats when mixed with an in- 
fusion of coffee. Zlatarov and Popov (1937) conclude from the results of ex- 
periments in which the hydrogen ion concentrations of the substrates were not 
properly adjusted that caffeine has a slightly favorable influence on pepsin and 
trypsin but is without effect on lipase and ptyalin. In view of this lack of data, 
and because of the widespread belief that coffee interferes with digestion, it was 
thought that a careful and systematic investigation of the effect of caffeine and 
coffee extract on the activity of the digestive enzymes in vitro would be of value. 
The enzymes studied were those which act upon carbohydrates, proteins, and fats 
in the digestive tract, namely, ptyalin, pancreatic amylase, pepsin, trypsin, and 
pancreatic lipase. 

Experimental procedures. - The water used in making up the substrates 
upon which the enzymes were allowed to act and all solutions added to them was 
obtained by distilling ordinary distilled water from alkaline potassium perman- 
ganate. This distillate was acidified with phosphoric acid and again distilled. 

The coffee used was a commercial brand purchased as the roasted bean and 
ground. It was stored in a glass stoppered bottle. The extract was prepared by 
adding 5 grams to about 100 cc. of boiling water and allowing it to stand five 
minutes with occasional stirring. It was then filtered through a coarse filter 
paper and the filtrate made up to exactly 100 cc. and used within half an hour. 
The caffeine was Merck’s U.S.P. powder further purified by recrystallization. 
In these experiments both the caffeine and coffee wore tested in two concentra- 
tions, namely, 20 and 40 mgm. of caffeine and 20 and 40 cc. of coffee extract per 
100 cc. of substrate. 

In all the digestion mixtures the h 3 r drogen ion concentration was most carefully 
checked and adjusted so that any variation in the action of the enzyme could not 
be attributed to this factor. The measurements 'were made eleetrometrically 
with a Leeds and Northrap Universal pH Indicator, a glass electrode being used. 

Amylolylic digestions. The amyloclastic materials studied were ptyalin in 
fresh filtered saliva, and a high grade commercial pancreatin. Two cubic cen- 
timeters of the filtered saliva were made up to 50 cc. and 1.5 cc. of this diluted 
material "was added to each digestion mixture. In the case of the pancreatin 
1 cc. of a filtered solution containing 1 mgm. per cubic centimeter w 7 as used. 
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The activities of the salivary and pancreatic amylases were measured by deter- 
mining the amount of reducing sugar formed. The method used was that of 
Sherman and co-workers (1921). The enzyme was allowed to act for 30 minutes 
at 40° C. on 100 cc. of a 1 per cent dispersion of soluble starch to which had been 
added as activators for the amylase 5 cc. of M sodium chloride and 2.5 cc. of 0.02 
M disodium hydrogen phosphate. The pli of the substrate was in all tests ad- 
justed to 7.0 b} r means of 0.01 M sodium hydroxide. At the end of half an hour 
the action of the enzyme was stopped by adding to the digestion flasks 50 cc. of 
Fehling’s solution. These were immersed for 15 minutes in boiling water and 
the weight of cuprous oxide formed by the reducing sugar in this length of time 
was taken as a measure of the rate of digestion. Blanks were earned out under 
the same conditions but without added enzyme to determine the reducing action 
of the caffeine and of the coffee extract. In the case of the coffee extract the 
reducing action was found to be appreciable, so in all the results reported for 
coffee this value has been substracted. Caffeine showed no reducing action. 

Proteolytic digestions. The protein splitting enzymes studied were high grade 
commercial pepsin and trypsin. One cubic centimeter of a 1 per cent solution of 
pepsin in 0.05 M hydrochloric acid was used for each digestion. The same 
amount of trypsin dissolved in water was used in each test with this enzyme. A 
substrate of 1 per cent casein (according to Hammarsten) was used. In the 
pepsin experiments 0.5 gram of casein was dispersed in 50 cc. of 0.05 M HCI, 
or in 50 cc. of the acid extract of coffee in the digestions in which the effect 
of coffee was studied, by warming to between 40° C. and 50° C' In the prepa- 
ration of the caffeine solution and the coffee extract 0.05 M HCI was also used 
instead of water. The pH of the digestions mixtures was adjusted to 1.34. The 
pepsin was allowed to act on 50 cc. of the substrate for 1 hour at 40° at the end 
of which time the undigested casein was precipitated by the addition of 12.5 cc. 
of 20 per cent sodium sulphate. After standing overnight the mixture was filtered 
and the filtrate made up to 100 cc. The nitrogen in a 10 cc. portion of this 
filtrate was determined by a semimicro modification of the Kjeldahl method. 

The same general procedure was carried out for trypsin digestions except that 
the casein was dispersed in a dilute sodium hydroxide solution. The pH of the 
substrate was 8.22. To the mixtures to which caffeine or coffee was added, suffi- 
cient sodium hydroxide solution was also added to adjust the pH to this same 
value. 

Semimicro determinations of the nitrogen in the added caffeine and coffee ex- 
tract were made, and tins amount w r as substracted from the results obtained in 
the proteolytic digestions when these substances were present. 

Tjipolytic digestions. In these experiments the influence of caffeine and coffee 
on the digestion of olive oil by steapsin, the fat splitting enzyme secreted by the 
pancreas, was determined by the following procedure: 2 cc. of neutralized olive oil 
were measured into a 125 cc. Erlenmeyer flask. To this was added 1 cc. of 6 
per cent bile salt (sodium taurocholate), 1 cc. of caffeine solution (or neutral 
coffee extract, or water in case of the control), and 1 cc. of steapsin solution. The 
flasks were shaken vigorously and placed in a bath at 40° C. for 21 hours. At 
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frequent intervals during the digestion the shaking was repeated. At the end of 
the digestion period, 20 cc. of isopropyl alcohol were added and the amount of 
fatty acids formed was determined by titration with 0.05 M sodium hydroxide, 
bromthymol blue being used as indicator. Since all the digestion mixtures in a 
comparative set of experiments could not be titrated at the same time, it was 
necessary, in order to stop the enzymic action, to keep the flasks immersed in 
crushed ice during the interval between removal from the bath and titration. 

In preliminary experiments carried out to determine the best conditions for the 
estimation of the fatty acids formed, it was found that a more satisfactory end 
point was obtained when isoprophyl alcohol was used instead of the ethyl alcohol 
usually employed in this determination. Because of the color of the coffee 
it was also found in the experiments with this material that phenolphthalein was 
worthless as an indicator, but that bromthymol blue gave a readily discernible 
and definite end point. 

In the lipolytic experiments the volume of the substrate was 5 cc. so the 
amounts of caffeine added in the two series of experiments were 1 mgm. and 2 

TABLE 1 


Effect of coffee extract on salivary and pancreatic amylases and pancreatic lipase 


COFFEE 
EXTRACT PER 
100 CC. OF 
SUBSTRATE 

SALIVARY AMYLASE 

f PANCREATIC AMYLASE 

PANCREATIC LIPASE 

CusO 

CujO 

0.0S M NaOH equiv. 
to acids formed 

CC. 

mgm. 

mgm. 

mgm. 

mgm. 

■ 

CC. 

None 

296 


246 


■ ' 



318 


273 


1 ' I 


None 
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mgm. which would be equivalent to 20 mgm. and 40 mgm. per 100 cc., the same 
concentrations used in the amylolytic and proteolytic digestions. Likewise the 
volumes of coffee extract added were equivalent to 20 cc. and 40 cc. per 100 cc. of 
digestion mixture. 

Results Caffeine when present in concentrations of 20 mgm. and 40 mgm. 
per 100 cc. of substrate showed absolutely no effect on the activity of any of the 
enzymes studied, namely, salivary and pancreatic amylases, pepsin, trypsin, and 
pancreatic lipase. 

The coffee extract likewise was without effect on the proteolytic enzymes, 
pepsin and trypsin. It is recognized, however, that the concentration of hydro- 
chloric acid necessary for the activity of pepsin doubtless altered the nature 
of the coffee extract, and that in our experiments, therefore, it was not the 
effect of the original constituents of the coffee that was determined but of the 
products formed by the acid treatment. But since this acidity is comparable to 
that of the gastric juice, in which medium pepsin acts in vivo, it may be assumed 
that coffee undergoes similar changes in the stomach and would produce a sim- 
ilar effect on the action of pepsin in vivo. The experiments showed, however, 
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a decided increase in the rate of digestion by both salivary and pancreatic am- 
ylase when coffee extract was present. This is shown in table 1. Since this 
favorable influence is not due to the caffeine present, it must be attributed to 
some other of the many constituents of coffee. 

All determinations the results of which are compared were carried out in 
duplicate and at the same time under exactly the same conditions. Duplicate 
determinations showed an experimental error of less than 0.5 per cent so the 
variations recorded below, while not large, are certainly significant. The results 
given in the table are averages of several experiments. Table 1 also shows the 
results obtained with the pancreatic lipase. The activity of this enzyme was re- 
tarded when coffee extract was added to the digestion mixture, this effect being 
quite large when 40 cc. of the extract.per 100 cc. of substrate were present. This 
retardation is doubtless due, at least in part, to the fact observed in these experi- 
ments, that the coffee infusion markedly decreased the stability of the olive oil 
emulsion used as substrate. Tins would obviously produce an unfavorable condi- 
tion for the interaction of enzyme and fat molecules. 

SUMMARY 

1. Caffeine in concentrations of 20 mgm. and 40 mgm. per 100 cc. of substrate 
has no effect in vitro on the saccharogenic action of salivary and pancreatic airyl- 
ases; nor does it affect the digestion of casein by pepsin and trypsin, or of olive 
oil by pancreatic lipase. 

2. Coffee extract in the two concentrations studied does not affect the digestion 
in vitro of casein by pepsin or trypsin. 

3. Coffee extract in the two concentrations studied increases the rate of diges- 
tion of starch by the salivary and pancreatic amylases. 

4. Coffee extract in the. two concentrations studied retards the digestion of 
olive oil by pancreatic lipase. 

5. An improvement in the lipolytic method was made by using isopropyl al- 
cohol instead of ethyl alcohol, and bromthymol blue as indicator instead of 
phenolphthalein in the procedure for the titration of the fatty acids formed. 

REFERENCES 

Sabaeitschka, T. and C. SchuEze. Fermentforschung 8: 464, 1925. 

Ohnishi, A. Sei-i-kwai Med. J. 47 : 2, 1928. 

Heide, E. and E. Schief. Biocliem. Ztschr. 213: 190, 1929. 

Zeatarov, A. and I. D. Popov. Ztschr. Untersuchung Lebensm. 73: 154, 1937. 

Sherman, H. C. and F. Waeker. J. Am. Chem. Soc. 43: 2461, 1921. 



THE HOLE OF THE BRAIN STEM IN ARTERIAL HYPERTENSION 
SUBSEQUENT TO INTRACRANIAL HYPERTENSION 

FRANCIS M. FORSTER 

From the Evans Memorial, Massachusetts Memorial Hospitals, and the Department of Medicine 

of the Boston University School of Medicine 

Received for publication February 26, 1943 

Cushing (1902) described the arterial lypertension which occurs immediately 
upon the experimental elevation of intracranial pressure to a level above that 
of the diastolic blood pressure. He further demonstrated that section of the 
vagus had no effect upon this phenomenon but that either section of the cervical 
spinal cord or the introduction of cocaine into the fourth ventricle obviated the 
blood pressure response. From these findings he concluded that the blood pres- 
sure regulating mechanism is a function of the medullary vasomotor centers and 
is released by the anemia induced by the elevation of the intracranial pressure 
to a level above that of the blood pressure. 

Subsequently it was learned that pressor responses could be obtained by 
stimulation of certain portions of the central nervous sj^stem rostral to the pons. 
Ranson and Magoun (1939) in their monograph on the hypothalamus reviewed 
the experiments of others and added their own observations regarding the areas 
of the hypothalamus from which pressor responses could be elicited by stimula- 
tion. Hoff and Green (1936) and Crouch and Thompson (1936) described 
pressor responses on stimulation of discrete portions of the cerebral cortex. 
The possibility therefore arises that the pressor responses to increased intra- 
cranial pressure might originate, not in the medullary centers, but rather in 
these higher centers and thus the medullary centers might represent the final 
synapse, a position analogous to that of the anterior horn cell in the motor 
system. 

While it is thus conceivable that the mechanism might originate as a supra- 
pontine one, the possibility also arises that the origin of the pressor response 
might be in the medullary centers but the efferent arc extends rostrally through 
the brain stem. Chang and his collaborators (1937, 1940) and Sattler (1940) 
described a vago-supra-optic-posterior pituitary pressor mechanism upon stimu- 
lation of the central end of the sectioned vagus nerve. 

The introduction of cocaine into the fourth ventricle could then obviate the 
pressor response to increased intracranial pressure in any one of three ways; the 
depression of the medullary centers, the interference with either ascending or 
descending pathways between these structures and pressor areas situated more 
rostrally, or by diffusion into the third ventricle and directly affecting the hypo- 
thalamic nuclei. 

It therefore remains to be determined whether the medullary vasomotor 
centers are those primarily concerned in the blood pressure response to increased 
intracranial pressure and 'whether the connections — either ascending or descend- 
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ing — of these centers to higher pressor areas are necessary. To determine this 
studies were made of the blood pressure responses to increased intracranial 
pressure before and after decerebration and destruction of the medulla. 

Method. Nine cats were studied. Surgical anesthesia was induced by 
intraperitoneal injection of 10 per cent sodium amytal (0.6 cc. per kgm.). A 
tracheal cannula was inserted, a midline scalp incision made and skin, galea, and 
muscles reflected. A trephination (H cm. in diameter) w r as performed over the 
right parieto-occipital area as far inferiorly and posteriorly as was possible while 
still avoiding the bony tentorium. Following radial incision and reflection of 
the dura, a fitted, threaded, metal cannula was inserted into the trephination 
and attached to a mercuiy manometer and waiter and a pressure bottle con- 
taining physiological saline. Blood pressure recordings w r ere obtained from the 
femoral artery by means of a mercury manometer and writer, the anti-coagulant 
being citrate. In all experiments, the animals w r ere placed on artificial respira- 
tion with the onset of respiratory failure during the first intracranial pressure 
rise, and this artificial respiration was continued for the duration of the observa- 
tions. 

An initial record w r as taken of the blood pressure response to raised intra- 
cranial pressure. The cranial cannula was then removed and the animal w r as 
decerebrated. This w r as performed by introducing a blunt probe into the 
trephination below the occipital lobe, following the bony tentorium and then 
cutting the brain stem on the same plane as the tentorium. This resulted in a 
section either between the inferior and superior colliculi or through the superior 
colliculi. Cerebral edema occurred at this point but the trephination, by serving 
the purpose of a decompression, allowed this to recede. The cannula w r as then 
replaced and the pressure changes studied. The medulla was destroyed by 
maceration by means of a blunt probe introduced through the trephination. 

The animals were sacrificed by intra-aortic injections of saline followed by 10 
per cent formalin. In this manner the brain stem was fixed in situ and the 
damage wrought by maceration w r as more accurately determined. 

Results. Following decerebration the blood pressure response to an in- 
creased intracranial pressure w r as not only obtainable (fig. 1) but when compared 
with the results before decerebration was augmented both as to height and dura- 
tion. Whereas prior to decerebration the blood pressure level exceeded the 
intracranial pressure level by a customary range of 15-40 mm. Ilg the difference 
after decerebration w-as in the neighborhood of 30-90 mm. Hg. 

The persistence of the blood pressure response after decerebration occurred 
in eight of the nine animals. In the first experiment attempted the cannula 
w r as replaced immediately after decerebration and without allowing the cerebral 
edema to subside. A spontaneous blood pressure rise occurred when the 
cannula was replaced. Subsequent intracranial injection of saline produced no 
further blood pressure response. In the remaining eight animals time w r as 
allowed for subsidence of the cerebral edema and in all instances adequate blood 
pressure responses were obtainable. 

Maceration of the medulla to the level of the superior border of the inferior 
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olive resulted in the abolition of the blood pressure response (fig. 2). When the 
destruction included only areas rostral to this level the blood pressure response 
was obtainable. These results following maceration were obtained in all of the 
three animals upon whom this procedure was carried out. Whenever the blood 
pressure response had been obviated in the above manner it was still possible to 
produce an adequate blood pressure rise (to 200-220 mm. Hg) by the intra- 
venous injection of adrenalin, thus indicating that peripheral mechanisms for 
the production of hypertension were still available. 

Discussion. The conclusions drawn from these results are that the vaso- 
motor centers essential for the production of the vascular hypertension subse- 
quent to intracranial hypertension extend no farther rostrally than the level of 




Fig. 1. Cat under amytal anesthesia and decerebrated. Upper tracing, blood pressure; 
lower tracing, intracranial pressure. Numbered scale in mm. Hg. Time interval 5 sec. 
Demonstrates, following decerebration, an adequate rise in blood pressure level upon 
elevation of the intracranial pressure level. 

Fig. 2. Same cat under amytal, decerebrated and brain stem macerated to level of the 
superior border of the inferior olive. Scale values and time intervals as in figure 1. 
Demonstrates no rise in blood pressure level upon increasing the intracranial pressure level. 

the superior border of the inferior olive and that the neuronal connections — 
whether afferent or efferent — of these centers with higher vasomotor centers are 
non-essential. Indeed the blood pressure rise is higher and the hypertension 
is longer maintained when these connections are severed. 

These results are not inconsistent with the findings of Denny-Brown and Rus- 
sell (1941) who noted that in concussing decerebrate preparations blood pressure 
rises occurred. Their experiments are not quite comparable to the ones here 
discussed because of the obviously more complicated situation in concussion, 
following which, as they showed, elevation of the intracranial pressure occurs 
only under certain conditions. 

Dock and his collaborators (1942) studying renal hypertensive and con- 
trolled dogs found that crushing the brain stem rostral to the pons produced a 
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fall in blood pressure with a tendency to regain previous levels and still main- 
taining a distinct difference in levels between the hypertensive and controlled 
groups. Destruction of the cord, medulla and pons, however, yielded a shaip 
fall in blood pressure in both groups and without a significant difference in the 
blood pressure levels of hypertensive and control animals. 

The decerebration studies reported here show that anatomical segregation 
of the medulla and pons from neural structures rostral to them does not obviate 
the increase in blood pressure due to intracranial hypertension. This indicates 
that neither anemia of the cortex and hypothalamus nor involvement of the 
vago-supra-optic mechanism can play an active part in this response since it 
persists after both the ascending and descending pathways have been severed. 

Destruction of the medulla obviates the blood pressure response to increased 
intracranial pressure. Therefore, it may be concluded that the vasomotor 
centers essential for arterial hypertension subsequent to intracranial hyper- 
tension are situated in the medulla, and that the efferent pathways do not pro- 
gress further rostrally in the brain stem than this level. 

CONCLUSIONS 

1. The blood pressure response to increased intracranial pressure depends 
upon the integrity of the medulla. 

2. Neural structures rostral to the medulla are not necessary for this response. 

3. Anatomical separation of the medulla and pons from higher structures 
enhances the response. 
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We have reported (1) simultaneous observations on the blood flow in the 
femoral arteries of denervated and innervated limbs. Control observations- 
were made before and at various intervals of time following denervation by 
complete sympathetic ganglioneetomy from the first or second lumbar ganglion 
to the end of the chain. It was found repeatedly that the blood flow on the 
denervated side was about twice that on the innervated side provided the opera- 
tive procedures for applying the thermostromuhr units were done with the 
animal under local anesthesia. Under general anesthesia with ether the differ- 
ence of blood flow was not apparent, the flow in the two sides becoming practi- 
cally the same. 

We were interested to determine how long this difference of blood flow would 
persist. In a series of experiments observations were made at different time 
intervals following lumbar sympathetic ganglioneetomy. The longest interval 
was two years and ten months after sympathectomy and since the disparity of 
the flow of the two femoral arteries still persisted it seemed reasonable to conclude 
that the difference of blood flow in the hind limbs resulting from unilateral sym- 
pathetic ganglioneetomy was permanent in the dog. 

The present communication is concerned with observations which have indi- 
cated that the conclusion just mentioned is open to question. We shall present 
evidence obtained from the study of one animal indicating that, if a sufficient 
time after operation has elapsed, the increased flow in the femoral artery follow- 
ing sympathectomy' may be reduced to approximately that in the control or 
innervated side. 

Methods and results. As in other studies on blood flow the thermo- 
stromuhr was used. The operation for applying the units to the femoral arteries 
was done with infiltration anesthesia using procaine. The blood flow' in both 
femoral arteries was observed simultaneously. Lumbar sympathetic gan- 
glionectomy was done on the left side using sterile technic and with the animal 
under general anesthesia. 

We desired to make observations on some of the animals of our original series 
after several years had elapsed. However, since we became interested in other 
investigations, further observations on the sympatheetomized dogs were post- 
poned and more than nine years had passed before we returned to the problem. 
By that time only one of the original group of dogs remained. Examination of 
data obtained on this animal indicated that in a control observation made before 
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sympathectomy the flows in the right and left femoral arteries were respectively 
108 and 77 cc. each minute. Fifteen days after sympathectomy the blood flow 
on the right and left sides was respectively 99 and 297 cc.each minute. Then 
again nearly eleven months after the operation the flow on the right side was 188 
cc. and that on the left or denervated side was 377 cc. each minute. When the 
blood flow in the femoral arteries of this remaining dog was measured more than 
nine years after sympathectomy the flow in the right femoral artery was 112 cc. 
and that in the left was 125 cc. each minute (table 1). 

In seeking an explanation of this unexpected result it was decided to observe 
the effects of intravenous injections of epinephrine and histamine. It was found 
that the flow in the femoral artery of the innervated limb was practically un- 
affected by the doses of epinephrine used but the sympathectomized side showed 
a maximal response since the flow appeared to be completely shut off. Following 
injections of effective doses of histamine the results on the two sides were again 

TABLE 1 


Blood flow in femoral arteries of trained dog before and after left litmbar sympathetic 

ganglioneclomy 


OBSERVATION 

FLOW 

Right femoral 

Left femoral 

Before sympathectomy I. A. P.* 

cc. per min. 

108 

99 

188 

112 

131 

91 

cc. per min. 

77 

297 

377 

125 

140 

110 

i5 days after sympathectomy I. A. P 

10 months, 25 days after sympathectomy I. A. P 

0 years, 2 months, 1 day after sympathectomy I. A. P 

Same except under pentobarbital sodium anesthesia 

10 years, 2 months, 22 days after sympathectomy I. A. P 

* I. A. P. = Infiltration anesthesia with procaine. 


very different and quite the reverse of what followed injections of epinephrine. 
The flow on the denervated side was only slightly affected whereas that on the 
innervated side was markedly increased (table 2). 

A plethysmograph was later placed on each hind foot, after which the same 
drugs were given. The changes of the volume of the foot reflected what had 
occurred when the blood flow was recorded. There was a transient decrease of 
the volume of the innervated foot with small doses of epinephrine but a very 
prolonged decrease of the volume of the denervated foot. When histamine was 
given the denervated foot showed only a slight increase while the innervated foot 
increased markedly in volume. The difference of the response of the two limbs 
to vasoconstrictor and vasodilator drugs raised the question of the possibility 
that a change had occurred in the walls of the blood vessels of the denervated 
side. We conceived of the vessels as being inclosed by thick connective tissue 
which might prevent dilatation but yet permit contraction. At the suggestion 
of Doctor Barker a toe was removed from each hind foot of this animal and the 
tissues were studied microscopically. Sections of the tissues of the two toes 
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were placed alternately on slides in a certain sequence. The observer was 
unaware of the identity of the sections. He was asked to determine whether 
there was any difference that he could detect between the vessels of the successive 
sections. Several of our colleagues reported that the arterioles seen in certain 

TABLE 2 

Effect of epinephrine and histamine on blood jloio in right arid left femoral arteries nine gears, 
two months and one day after left lumbar sympathetic ganglionectomy 


RIGHT ARTERY FLOW 


LEFT ARTERY FLOW 


AN'CSTHETIC 


Slight increase, slight Zero flow for 1 min- 
decrease ute 

Epinephrine, 0.05 cc. 

1 : 1,000 in 15 seconds Slight increase, slight Zero flow for 1 mind 

decrease, return to ute 
control 

TJ - , „ 240 per cent increase 90 per cent increase 

Histamine, 0.01 mgm. 1 . 

per kgm. 

/4 per cent increase 


Epinephrine, 0.05 cc. Slight increase, slight 
1:1,000 in 15 seconds decrease 


Local infiltration an- 
esthesia witli pro- 
caine hydrochloride 




f «• , ■ ... l< 





Pig. 1. Tissue from a toe taken from the left foot of a dog more than nine years a ter 

sympathetic ganglionectomy on the left side. 

Pig. 2. Same as figure 1 except the tissue was from the right or control side. 

cf the sections were markedly thickened as compared with what v as seen in the 
other sections. It was found that hypertrophy of the arterioles v as piesent on 
the denervated side and was confined to the media or muscularis coat of t le 
vessels (fig. 1). The vessels of the control side (fig. 2) did not show hypertrophy. 

A year later, or ten years, two months and twenty-two days aftei sa mpathetic 
ganglionectomy, the flow in the two hind limbs was again obseiveJ. At t lat 
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time the flow in the femoral artery of the innervated limb was 91 cc. and thatin 
the d enervated limb was 110 ce. each minute. The effects of injections of 
epinephrine and histamine were the same as already described. Under pento- 
barbital sodium anesthesia the effect of epinephrine and histamine on the blood 
flow in the two limbs was observed with results similar to those described before 
in this report. 

In addition a small artery less than a millimeter in diameter was exposed in 
both legs just below the knee. The behavior of these arteries was observed 
before and after administration of epinephrine. The response, a marked con- 
striction of the artery on the denervated side, was much greater than that of 
the control side. Both arteries were then cut so that a vigorous stream of blood 
issued forth. After epinephrine was given, the vessel on the denervated side 
constricted sufficiently to shut off the blood flow whereas the vessel on the control 
or innervated side continued to bleed profusely. That the lack of flow on the 
denervated side was not the result of formation of a clot was demonstrated by 
the resumption of profuse bleeding as soon as the effect of the injected epi- 
nephrine was dissipated. 

Thus it appears that both the arterioles and the small arteries of the dener- 
vated side were more sensitive to epinephrine than those of the innervated side. 
Observations were made on the animal under local and under general anesthesia 
with pentobarbital sodium until death. All observations were confirmatory of 
those made a year previously as were the findings on additional sections made 
from tissues removed from the two legs. A difference of the blood vessels of the 
two sides was not apparent above the knee of the animal. At necropsy a careful 
search of the left lumbar tissues was made but there was no gross evidence of 
sympathetic ganglia or sympathetic nerves being present. 

Comment. At the outset it must be emphasized that all the observations 
recorded in this report were made on a single animal but at the same time it 
should be pointed out that a better controlled experiment is difficult to devise. 
One hind leg of a given animal should offer the ideal control on the other hind leg. 
The number of variables introduced should be minimal. Furthermore it is not 
frequently that we are permitted observations on an experimental animal over 
so long a period of years. Therefore we may be excused for having discussed 
the findings on a single animal at considerable length. 

The question at once arises as to the cause of the hypertrophy of the walls of 
the arterioles. Two possible explanations have been considered. 1. The 
hypersensitivity of the vessels of the denervated limb was sufficiently great to 
suggest the possibility of a vigorous response of these vessels to the animal’s own 
secreted epinephrine, which over a period of years might result in a work hyper- 
trophy of the muscles of the vessels. 2. It is common knowledge that sym- 
pathectomy impairs the tone of blood vessels. Consequently the vascular 
musculature is subjected to stretching which, if resisted over long periods of time, 
might result in muscular hypertrophy in the walls of the involved vessels. 

Quite obviously the answer as to what brought about the difference in the 
small vessels of the two limbs must await the results of more experiments. 
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SUMMARY AND CONCLUSIONS 

Observations have been made on the blood flow in the femoral arteries of a dog 
at intervals over a period of ten years and two months. Blood flow was meas- 
ured in both femoral arteries simultaneously under infiltration anesthesia before 
sympathetic ganglionectomy and fifteen days; ten months, twenty-five days; 
nine years, two months and ten years, two months after sympathectomy. 
Whereas the flow was twice as great in the left or sympathectomized limb as it 
was in the right or control limb fifteen days and also ten months and twenty-five 
days after sympathectomy, the flow was almost the same in the two limbs nine 
and also ten years after sympathectomy. 

That the vessels of the sympathectomized leg were profoundly hypersensitive 
to epinephrine more than nine and ten years following sympathectomy was shown 
by a small injection of epinephrine which caused such a marked constriction of 
the vessels of the sympathectomized side that the flow was zero for at least two 
minutes. The flow on the control side taken at the same time was only slightly 
altered. 

Simultaneous plethysmographic records of the two hind feet further confirmed 
the observations on blood flow since there was a transient decrease of the volume 
of the innervated foot but a very prolonged decrease of that of the denervated 
foot in response to small doses of epinephrine. 

Histologic examination of a toe from each hind foot showed that the arterioles 
of the left or sympathectomized foot had undergone hypertrophy which was 
confined to the muscularis coat of the vessels. The vessels of the control side 
did not show hypertrophy. 
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The effect on. gastric secretion of NaHC0 3 administered by mouth has been 
controversial since Claude Bernard (1) first observed that it stimulated secretion. 
The majority of comparatively recent clinical reports give the impression that 
it induces an increase in acid secretion following the initial period of neutraliza- 
tion. Thus, Spencer et al. (2) found by fractional gastric analysis that 0.65 
to 5.0 per cent solutions of NaHC0 3 produced higher curves of acidity than were 
obtained in controls. Crohn (3) reported that 2 grams of NaHC0 3 given after 
a test meal increased the acidity shown by fractional analysis. Lockwood and 
Chamberlin (4) noted that the inclusion of 4 grams of NaHC0 3 in the test meal 
raised the acidity in 50 per cent of their cases. These reports are largely the 
basis for the concept of a “rebound” or “secondary” secretion of acid which 
is frequently mentioned in current literature. 

The nature of this “rebound” is not clear. Fractional analysis measures 
concentration of acid. Without minimizing the importance of acid concentra- 
tion, we raise the question of whether the “rebound” acid secretion is an active 
stimulation or simply a passive rise in acid concentration. For example, it is 
known that NaHC0 3 decreases the emptying time of the stomach (5). In view 
of this and the fact that parietal cell secretion is constantly high in acid concen- 
tration, the increase noted by fractional analysis may be the result of diminished 
dilution of secretion which enters the stomach when it is more nearly empty. 

The answer to the above question thus depends primarily on a comparison 
of the amounts of acid secreted during an entire digestive period a, under control 
conditions, and b, under conditions in which the “rebound” is elicited. Animal 
experimentation is necessary to obtain such data. The nearest approach to this 
type of data in the literature is Boyd’s report (6). Two Pavlov pouch dogs were 
fed NaHC0 3 daily for more than 2 months. The mean rate of secretion and 
the mean acidity of the pouch collections were increased during the 2\ hours 
immediately following the test meal. However, several factors complicate inter- 
pretation of these data: a, the daily period of secretion observed was relatively 
short; 6, an appraisal of the effect of the intentional variation (inclusion of table 
scraps, etc.) in the daily meal, which served as the test meal, is difficult; c, the 

1 A preliminary report was presented before the American Society for Pharmacology and 
Experimental Therapeutics, Boston, 1942. Federation Proceedings 1:141, 1942. 

s On leave in the medical service of the U. S. Army. 
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. average data reported include days on which gastro-intestinal upsets (diarrhea, 
vomiting) occurred. Therefore, in the absence of sufficient data for an adequate 
evaluation, we have sought to determine the effect of NaHCCh on gastric secre- 
tion by use of the Cope pouch dog. 

Experimental. This is apparently the first report of the experimental use 
of the Cope gastric pouch dog (7) and, therefore, the procedures developed in 
this laboratory and used in these experiments will be described in detail. A 
Cope pouch is made from most of the anterior wall of the body of the stomach 
by a two-stage operation which leaves the vagal nerve supply intact. Unlike 
most pouches, the stoma lies high on the dog’s flank and no collection vessels, 
bandages, or restraints are required, since the pouch hangs dependent within 
the abdomen and serves as its own collection vessel. However, these condi- 
tions require an antacid in the pouch to prevent peptic ulceration. Measure- 
ment of the amounts of chloride, base, acid, and of the volume secreted during 
any interval desired may be made by using the technic described below, which 
permits continuous 24 hour stud}' da}' after day. 

The control routine employed was as follows: The pouch was emptied with a 
catheter and syringe at 8 and 11 a.in. and at 2 and 5 p.m. The test meal was fed 
immediately after the 8 a.m. collection. The three daytime collections following 
the meal, and the collection at 8 a.m. the following morning (night secretion) 
constituted a 24 hour collection. After each emptying a measured amount of 
aluminum hydroxide gel of known composition was placed in the pouch. Water 
was allowed ad libitum day and night. At the end of each week an arterial 
blood sample was taken before feeding the meal which included, on that day, 
one tablespoonful of brewer’s yeast. Red and white cell counts, cell volume 
(8), O 2 and CO« capacity of whole blood (9), and plasma chloride (10) were 
determined. 

The test meal given at 8 a.m. served not only as the stimulus of secretory 
activity, but also as a vehicle for the return of electrolytes lost via the pouch, 
and as an adequate diet. A weighed amount of a commercial dog food 3 , sufficient 
to maintain weight and normal activity, was mixed daily at 4 p.m. with 50 cc. 
of 1 N HC1 and an adequate amount of NaCl. The amount of the latter was 
determined by following the blood chloride and CO 2 capacity, after which it was 
kept constant from day to day. The meal buffered the HC1 and was more 
palatable than when all necessary chloride was returned as NaCl. Each meal 
was consumed within 10 minutes and all animals had voracious appetites. 

The pouch antacid was aluminum hydroxide gel 4 diluted 1:1 by volume with 
water. Individual animals required 25 to 50 cc. of this dilution to neutralize the 
acid secreted during the collection period. Aluminum hydroxide gel was used 
because: a, it is more efficient than NaHCCb in preventing ulceration of the 
Cope pouch; h, it maintains a pH within the pouch nearer the reaction of normal 
gastric contents; e, it is not absorbed, and d, it does not interfere with the 
electrolytic determination of base. 

5 Bovcx (Old Trusty Dog Food Co., Xeedham Heights, Mass.). 

4 Amphojel, generously supplied bj' John Wyeth and Bro., Inc., Philadelphia, Pa. 
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Each pouch collection was filtered through a coarse fritted glass filter and the 
filtrate analyzed in duplicate for chloride (10) and base (11). Similar deter- 
minations were made on each lot of diluted aluminum hydroxide gel. Control 
studies showed that no appreciable error was introduced by filtration or by the 
presence of aluminum in the filtrate. Quantitative determinations (12) showed 
only negligible traces of aluminum in the cathode vessel in the electrolytic 
determination of base. 

The volume of the original pouch collection in liters multiplied by the con- 
centrations of chloride and base in milliequivalents per liter gave the amounts in 
milliequivalents of these constituents in the collection. From these values were 
subtracted the amounts of chloride and base initially present in the antacid to 
give the total chloride and total base of the -pouch secretion. The amount of free 
acid secretion was estimated by subtracting the secretion total base from the 



Fig. 1. The average per cent of change from controls in secretion of the Cope pouch 
when NaHCOs is fed by stomach tube, or when 4 per cent NaHCCh is placed in the pouch. 

secretion total chloride. The secretion volume was obtained by subtracting the 
volume of antacid placed in the pouch from the volume of pouch collection. 

Five Cope pouch dogs accustomed to the stomach tube were used. The first 
series of experiments consisted of volume and total chloride determinations on 
the pouch collection from dogs 3 and 4 on control routine for 30 days, with the 
exception that from the 7th to 18th day each dog received by stomach tube 
50 cc. of 1.5 per cent NaHC0 3 solution daily at 9 and 11 a.m. and 2 p.m. 

In a second series, dogs 1 and 2 each received 50 cc. of 2 per cent NaHCOj 
solution daily at 9 and 11 a.m. and 2 p.m. from Monday morning through 
Friday afternoon. A week of control and a week of NaHC0 3 feeding were 
alternated twice, giving 4 consecutive weeks of study. As a further control, 
the effect of administering 50 cc. of tap water, instead of the NaHGOs solution, 
was determined by a fifth week of observation. Complete analyses were made 
on the collections of this series. 

The effect of NaHC0 3 in direct contact with the pouch mucosa was observed, 
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TABLE 1 


Effect of feeding sodium bicarbonate on gastric secretion in the Cope pouch* 


TEST WEEK 

COLLECTION 

SECRETION 

TOTAL CHLORIDE 

TOTAL BASE 

1 FREE HC1 

PERIODS 

VOLUME 

AMT. SECRETED 

AMT. SECRETED 

AMT* SECRETED 

Dog 1 (8 mos. post-operative) 



cc. , : 

m.cq. 

tn.eq. 

m.eq . 

2/1-2/7/42 control 

Day 

152 

29.6 

13.0 

16.6 


Night 

91 

18.0 

14.4 

3.6 

- 

24 hours 

243 

47.6 

27.4 

20.2 

2/8-2/14/42, fed 

Day 

211 

42. S 

12.7 

30.1 

NnHCOa 

Nights 

30 

10.3 

8 6 

1.7 


24 hours 

241 

53.1 

21.3 

31.8 

2/15-2/21/42, control 

Day 

159 

31.0 

14.4 

16.6 


Night 

83 

17.8 

14.1 

3.7 


24 hours 

242 

48.8 

28.5 

20.3 

2/22-2/28/42, fed 

Day 

220 

40.6 

16.3 

24.3 

NaHCOj 

Nights 

57 

14.1 

12.2 

1.9 


24 hours 

277 

54.7 

28.5 

26.2 

3/23-3/28/42, fed 

Day 

187 

33.8 

15.0 

18.8 

H 2 0 

Night 

114 

22.1 

18.5 

3.6 


24 hours 

301 

55.9 

33.5 

22.4 


Dog 2 (7 mos. post-operative) 


2/1-2/7/42, control 

Day 

90 

18.8 

7.6 

11.2 


Night 

54 

11.2 

9.5 

1.7 


24 hours 

144 

30.0 

17.1 

12.9 

2/8-2/14/42, fed 

Day 

112 

25.0 

6.4 

18.6' 

NaHCOj 

Night 

14 

5.4 

4.6 

0.8 


24 hours 

126 

30.4 

11.0 

19.4 

2/15-2/21/42, control 

Day 

103 

20.5 

7.5 

13.0 


Night 

11 

4.6 

4.0 

0.6 


24 hours 

114 

25.1 

11.5 

13.6 

2/22-2/28/42, fed 

Day 

139 

28.4 

6.7 

21.7 

NaHCOj 

Night 

11 

4.6 

4.4 

0.2 


24 hours 

150 

33.0 

11.1 

21.9 

3/23-3/28/42, fed 

Day 

114 

21.3 

6.9 

14.4 

rr 2 o 

Night 

32 

7.0 

6.2 

0.8 


24 hours 

146 

28.3 

13.1 

15.2 


* Each figure is the average of three values obtained on three consecutive days during 
the week indicated. 


in a third series, by volume and total chloride determinations on the collections 
from dogs 5 and 6 (dog 5 was no. 3 of the first series). After a week of control 
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with aluminum hydroxide gel in the pouch, 3 -weeks of study were carried out 
in which 4 per cent NaHC0 3 solution was substituted for the gel. This was 
followed by 3 weeks of control with the gel again in the pouch. 

Results. No gastro-intestinal disturbances (vomiting, diarrhea) occurred in 
these studies. The data of individual days are too extensive to be shown, but 
they agree closely with the averages reported. 

In the first series, during the feeding of 1.5 per cent NaHC0 3 , small increases 
in volume (247 to 260 and 114 to 117 cc.) and in total chloride (47.8 to 52.1 and 
25.7 to 28.0 m.eq.) were seen in both dogs during the first 9 hours after the test 
meal. The remaining 15 hours showed a decrease of volume in both dogs (285 
to 214 and 56 to 51 cc.) with a decrease in total chloride (51.3 to 39.1 m.eq.) 
in one, while the other was unchanged (14.7 m.eq.). The average net result 
for 24 hours was a decrease in the volumes of secretion in both dogs (532 to 474 
and 171 to 168 cc.), a decrease of total chloride (99 to 91 m.eq.) in one, and an 
increase (40 to 43 m.eq.) in the other. These variations are shown as percent- 
ages of change in figure 1, dogs 3 and 4. 

Averages of the data of the second series (dogs 1 and 2, receiving 2 per cent 
NaIiC0 3 ) are shown in table 1. These values are averages of 3 consecutive days, 
usually Wednesday, Thursday and Friday, and represent the results of that week. 
“Da 3 r ” collection periods are the sum of the 3 separate collections made at 11 
a.m. and at 2 and 5 p.m. The feeding of NaHC0 3 produced increases in volume, 
total chloride and free acid during the first 9 hours and were accompanied, with 
one exception, by slight decreases in total base. Despite a general decrease of 
all values in the following 15 hours, there was a net 24 hour increase in volume, 
total chloride and free acid, and a decrease in total base. The percentile dif- 
ferences in the values of the averaged 2 weeks of NaI4C0 3 feeding from the 
averaged 2 weeks of control are shown in figure 1, dogs 1 and 2. The feeding 
of water instead of a solution of NaHC0 3 produced values only slightly higher, 
in a few instances, than controls. The distribution of the averaged secretory 
values of this series into individual collection periods is shown in figure 2. In- 
creases in the values of the earlier periods (1 and 2) and decreases in the night 
period (4) are clearly evident. Table 2 shows no significant change in the 
hematology of these animals. The usual reciprocal relationship between 
plasma chloride and carbon dioxide capacity during NaHC0 3 feeding is seen 
in the small decrease (average 5.8 and 1.8 m.eq.) in the former and small in- 
crease (average 4.2 and 4.4 vol. per cent) in the latter. 

The third series, in which 4 per cent NaHC0 3 was substituted for aluminum 
hydroxide gel in the pouch, showed changes similar to those seen when NaHC0 3 
was fed. The average changes are shown as dogs 5 and 6 in figure 1. The pH 
of pouch contents at the time of collection varied between 5.3 and 7.8 (Beckman 
glass electrode) when NaHC0 3 was in the pouch and between 3.9 and 4.3 when 
aluminum hydroxide gel was present. 

Discussion. The objective of the technic used in these studies was to ap- 
proach normal physiological conditions as closely as possible while allowing 
continuous observation of the secretory activity, rather than observation for a 
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few hours, following a test meal. In this direction are the following: a. The 
Cope pouch dog lives more normally than a pouch dog which requires bandages. 



Fig. 2. The average secretory response of the Cope pouch during two weeks of feeding 
50 cc. of 2 per cent NaHCOs, t.i.d., compared with the average response during two weeks 
of control. The comparison is by collection periods 1 to 4, which are respectively, from 
8-11, 11-2,2-5 o’clock in daytime (open bars) and at night from 5 p.m. to 8 a.m. (black bars). 

TABLE 2 


Hematology and blood chemistry of the Cope pouch dog during the experiments shown 

in table 1 


DATE 

R.B.C. 

W.B.C. 

CELL VOL. 

02CAI>. 

Hb. 

COj CAP. 

PLASMA 

CHLORIDE 

DOG WT • 

Dog 1 


X10' 

X10» 

p er cent 

vol. per cent 

sms. 

vol. per cent 

m.eq./l. 

k&m. 

2/ 7/42 

5.74 

7.75 

46.5 

23.0 

17.1 

41.2 

111.6 


2/14/42 

6.75 

14.10 

48.0 

22.6 

16.9 

45.2 

106.8 


2/21/42 

7.47 

7.50 

48.0 

23.1 

17.2 

40.2 

115.8 


2/28/42 

6.75 

10.85 

48.0 

23.0 

17.2 

44.5 

109.0 


3/28/42 

6.45 

10.55 

47.5 

23.2 

17.3 

48.0 

114.0 



Dog 2 


2/ 7/42 

6.23 

20.45 

43.0 

I 21.6 

16.2 

45.6 

i 113.0 

16.0 

2/14/42 

7.12 

12.75 

44.0 

20.2 

15.1 

49.0 

111.4 

15.8 

2/21/42 

6.92 

8.40 

44.0 

21.3 

15.9 

49.7 

114.8 

15.4 

2/28/42 

6.68 

11.30 

44.0 

21.6 

16.2 

55.2 

112.8 

15.4 

3/28/42 

6.19 

13.00 

43.0 

21.5 

16.1 

47.5 

112.4 

14.6 


collection vessels, and restraints, b. A bulk of material is present in the pouch, 
as in the normal stomach during digestion, and its pH is not far removed from 
that of normal gastric contents. This avoids the abnormal condition of a 
relatively empty pouch in which the mucosa is in constant contact with a highly 































362 


W. L. ADAMS, C. S. WELCH AND 13. B. CLARK 


corrosive, acid secretion, c. The test meal is not an interposed factor in the 
animal’s normal routine, but is a part of that routine, d. Saline injections, 
known to influence secretion (13), and the inclusion of NaCl in the chinking 
water, to maintain acid-base balance, are avoided, c. The use of aluminum 
hydroxide gel within the pouch eliminates disturbances of the acid-base balance 
which may attend use of absorbable antacids (14). 

The values obtained by this method of study may deviate slightly from 
absolute values: a. Aluminum hydroxide, a protein precipitant, removes most 
of the protein from the filtrate analyzed. Komarov and Komarov (15) have 
shown that pepsin is precipitated, b. The possibility of partial absorption of 
pouch contents is present even though the stomach is known to absorb most 
substances poorty. This possibility is common to all pouch studies. How- 
ever, chloride appears to be unabsorbed by the gastric mucosa (16) and our 
studies support this observation. Significant^-, we find that the amounts of 
the constituents secreted during a 9 hour control period do not vaiy when col- 
lections from the pouch are made hourly or at 3 hour intervals. Further, the 
values during control periods are reproducible from week to week with only 
slight variations. Those factors which may tend to introduce minor errors 
largely cancel out when the effects of a variable are determined by comparison 
of the differences between control and experimental values. 

The effects of NaliCOa on the pouch secretion may be evaluated by consider- 
ing figure 1. In all 6 cases the volumes during the first 9 hours showed increases 
ranging from 2.5 to 38 per cent. At the same time 5 dogs showed increases in 
total chloride which paralleled the volume changes, while dog 5 showed a slight 
decrease. To offset these general increases there were in every case, except the 
unchanged total chloride of dog 4, decreases at night which ranged in volume 
from 8.8 to 61 per cent, and in chloride from 20 to 37 per cent. The net results 
for 24 hours ranged from insignificant changes to marked increases in dogs 1 and 
2. The daytime increases were characterized by the appearance of relatively 
larger amounts during the earlier periods of collection as seen in figure 2. This 
shift was typical of every case in the three series. 

Further changes effected by NaHC0 3 are seen in the total base and free HC1 
variations of the second series. Figure 1, dogs 1 and 2, shows that there are 
significant net decreases of 12.5 and 38.0 per cent in total base, with marked net 
increases of 47 and 62.5 per cent in free acid. Thus in these experiments 
NaHC0 3 acts to elicit a higher percentage of the total chloride as free acid. 
This meets the need of more free acid to neutralize the NaHC0 3 . 

It becomes evident now that neither fractional gastric analyses nor pouch 
studies for a few hours following a test meal provide adequate data to reveal 
the effect of antacids on gastric secretion. Previous reports have shown that 
an increase in acid concentration may occur. Our data show at least two factors 
contributing to the “rebound” effect produced by NaIiC0 3 : o. The amount 
of acid secreted is increased, b. A shift occurs in secretory activity to greater 
amounts at earlier periods after the test meal. Both factors may operate in a 
given case, but our data show further, that even when a is relatively small, 
b may still be quite marked. 
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Considered as a whole these data suggest that the “rebound” acid concentra- 
tion observed by fractional anatysis after the ingestion of NaHC0 3 results 
primarily from the shift in gastric secretoty activity. This brings a greater 
part of the secretion elicited by a test meal into the stomach at an earlier period 
and is accompanied by an increase in the amount of acid secreted. Since the 
stomach empties more rapidly under the influence of NaHC0 3 , the factor of 
diminished dilution, as original^ suggested, may then further increase the acid 
concentration. 

The mechanism of the changes in gastric secretion observed in this study 
awaits clarification. Among the possibilities are the following: Sodium bicar- 
bonate may cause secretory stimulation directly by local action on the mucosa, 
or indirectly by removal of acid inhibition (13) through neutralization. Or, 
perhaps, the small changes in total chloride and C0 2 capacity of the blood may 
be significant. Finally, the possibility of a humoral mechanism cannot be 
excluded. The similarity of the effects seen when the NaHC0 3 is fed and when 
it is placed in the pouch indicates that the mechanism involves more than a 
strictly local action on the parietal cells. 

SUMMAEY 

Changes produced in gastric secretion by a 1.5 and a 2 per cent solution of 
NaHC0 3 administered three times daily in doses of 50 cc. by stomach tube, or 
a 4 per cent solution placed directly in the pouch were studied by use of a new 
technic employing the recently described Cope pouch dog. 

Sodium bicarbonate produced an increase in the gastric secretory activity 
during hours immediately following a test meal, with a partial compensatory 
decrease during later hours. The role of these factors in “rebound” or “second- 
aiy” gastric acid secretion, as observed in fractional gastric analysis, is dis- 
cussed. 
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Intramuscular injection of an extract of yeast stimulates gastric secretion in 
dogs according to Williams, Cox and Nash (1). Additional (unpublished) work 
has confirmed the original suggestion that the active agent is not histamine. 
Attempts to isolate this yeast principle have been unsuccessful. 

Another approach to the problem of identifying the active yeast principle was 
by testing compounds known or suspected to be present in yeast. Of substances 

TABLE 1 


Effect of injection of 2.5 mgm. of ncurinc bromide (= 1.5 mgm. of ncurinc base) per kilo body 

weight on gastric secretion in dogs 


PERIOD 

VOLUME 

FREE HC1 

TOTAL ACID 


cc . 

mf?. 

meq. 

30 minutes preceding injection 

S.2 ± 1.4 

0.10 ± 0.04 

0.24 ± 0.0S 

First 30 minutes after injection 

42.2 ± 4.2 

1.30 ± 0.19 

2.00 ± 0.29 

Second 30 minutes after injection 

31.3 ± 3.5 

0.93 ± 0.14 

1.47 ± 0.23 

Third 30 minutes after injection 

19.0 ± 2.3 

0.40 ± 0.0S 

0.57 ± 0.13 


so far tested, including choline chloride, beta-alanine, glutathione, and neurine 
bromide (IIoffman-La Roche), only the last was definitely active. All sub- 
stances tested were injected intramuscularly in a dose of 2.5 mgm. per kilo body 
weight. 

Data of 17 experiments with neurine bromide on 4 different dogs with gastric 
fistulas are summarized in table 1, which also records the probable errors of the 
means. 

We have shown previously (1) that there is no significant increase in volume, 
free hydrochloric acid, or total acid following control injections of 0.9 per cent 
sodium chloride in such dogs. However, after injecting neurine increases do oc- 
cur in all three values. When the increase is compared with the error of the mean, 
using the table of t given by Fisher and Yates (2), the probabilitj' of the change 
being due to chance is less than 0.01 in every comparison during the first and 
second 30 minute periods. following the injection. 

The increase of total acid in the first 30 minute period after injection of 
neurine is comparable with that obtained following a dose of about 0.01 mgm. of 

1 This study was supported by a grant from Standard Brands, Inc. 

2 Data of this paper are taken from a thesis presented by Charles F. Hoffman in partial 
fulfillment of requirements for the degree of Master of Science, March, 1942. 
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histamine per kilo bod)' weight, which has been found previously to be just above 
the threshold dose. In 6 experiments we have injected a smaller dose of neurine 
bromide (1.5 mgm. per kilo body weight) with results which are not statistically 
significant. The barely effective dose of neurine (which may be taken as 1.5 
mgm. of neurine hydroxide per kilo body weight) is, therefore, about 150 times as 
large as that of histamine base. 

It should be noted, however, that the effect of neurine is much more prolonged 
so that at the threshold dosage stated the total increase in volume and acid are 
more than double the increments after histamine. The prolonged action of neu- 
rine cannot be due to reabsorption from the gastric juice, since the latter was re- 
moved regularly by catheter. 

The only report we have found of collection of gastric juice following injection 
of neurine is that of Miyazaki (3), who injected subcutaneously 25 mgm. or more 
of neurine per kilo body weight in order to demonstrate the subsequent presence 
of neurine in the gastric juice. He gave no data on the volume or acidity of se- 
cretion, however. 


SUMMARY 

Neurine, as bromide, when injected intramuscularly in dogs stimulates the 
secretion of fluid and acid by the stomach. The threshold dose of neurine base is 
about 150 times larger than that of histamine, but its effect is more prolonged. 

In approximately the same dose of 2.5 mgm. per kilo body weight, choline 
chloride, beta-alanine and glutathione were ineffective. 
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The brain is regarded chiefly as an aerobic organ because anoxia causes rapid 
loss of cerebral functions. Cerebral energy may, however, be obtained anaerobi- 
cally as the brain is able to split carbohydrate to lactic acid. Previous work on 
the brain of newborns of several mammalian species (1, 2) reveals that energy 
obtained by glycolysis is effective in supporting cerebral functions for a consid- 
erable period of anoxia. Injections of iodoaeetate and fluoride (3) were found 
to shorten the survival period in nitrogen by preventing the breakdown of carbo- 
hydrate to lactic acid. It was concluded that though the rate of glycolysis in 
the newborn is slower than in the adult this slow rate appears adequate to sup- 
port the lower metabolic demands of the infant brain for a considerable period of 
time in the absence of oxygen. It is the purpose of the present investigation to 
study this anaerobic production of cerebral energy in adult dogs and cats and 
to evaluate its significance for survival in these animals with the relatively high 
rate of cerebral metabolism characteristic of adults. 

Method. Eight per cent oxygen in nitrogen was used in most of the experi- 
ments on dogs because the degree of anoxia produced by this gas mixture results 
in a survival period of at least one hour in these animals when anesthetized with 
pentobarbital, 25 mgm. per kilo. After trying various doses of iodoaeetate from 
25 mgm. to 49 mgm. per kilo, a dose of 32 mgm. was found to be most suitable 
because it permitted survival of sufficient duration when the anesthetized dogs 
were respiring air. In all instances the persistence of respiratory movements 
was employed as the criterion of survival. Three groups of dogs were used: 
the first group was subjected to the respiration of 8 per cent oxygen, the second 
to the injection of iodoaeetate and the third to anoxia after the injection of 
iodoaeetate. 

Cats anesthetized with pentobarbital, 25 mgm. per kilo, injected intraperi- 
toneally were used to determine the effect of 11 per cent and 8 per cent oxygen 
on brain lactic acid. Three groups of animals were studied: the first were con- 
trols, the other two respired either 11 per cent or 8 per cent oxygen for one hour. 
The brain was exposed through scalp and cranium. Then each animal received 
a slow intravenous injection of iodoaeetate, 75 mgm. per kilo, in an attempt to 
inhibit glycolysis. Samples of brain and blood were taken and their lactic acid 
contents were determined by the method of Friedemann, Cotonio and Shaffer (4). 

In another series of observations on dogs the effects either of the respiration of 
8 per cent oxygen or the injection of 32 mgm. per kilo of iodoaeetate on cerebral 

1 Aided by a grant from the Albion 0. Bernstein Memorial Fund. 

s Preliminary report appeared in Federation Proceedings 1: 40, 1942. 
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arterio-venous oxygen differences were studied. The blood was analyzed for 
oxygen by the method of Van Slyke and Neill (5). 

Results. Table 1 summarizes the effects of the respiration of 8 per cent 
oxygen in nitrogen and of iodoacetate injection on the survival period. It is 
evident that the combined effects of anoxia and iodoacetate greatly shorten the 
survival period. 

Table 2 discloses that with the respiration of 11 per cent oxygen the concen- 
tration of cerebral lactic acid rises above the control value. With 8 per cent 

TABLE 1 


Survival lime of adult dogs with 8 per cent oxygen, iodoacetate and both 


CONDITION 

NUMBER OF 

SURVIVAL TIME 

DOGS 

Range 

Average 

8% oxygen 

mm 

minutes 

60-271 

minutes 

151 

Iodoacetate (25-49 mgm./kgm.) 


. - ' ' 

127 

8% oxygen + Iodoacetate (25-49 mgm./kgm.) 

10 


4.3 


TABLE 2 


Lactic acid, milligrams per cent in brain and blood of cats 


CONDITION 

LACTIC ACID, MGM. PER CENT 

Brain 

Blood 

Control 

23 



11% oxygen 

24 

32 

23 


35 

43 

19 


47 

48 


8% oxygen 

25 

32 

24 


44 

44 

30 


48 

59 


* 

62 

84 



oxygen brain lactic acid values are still higher. The table presents typical 
results of a long series of experiments. The value for the controls, 23 mgm. 
per cent, is the average obtained on 10 animals. The averages for 11 per cent 
and 8 per cent oxygen are 38 mgm. per cent and 50 mgm. per cent respectively. 
The values for blood lactic acid are not significantly raised by the respiration 
of these gas mixtures. 

Table 3 presents the effects on 3 of the 6 dogs exposed to the respiration of 
8 per cent oxygen. In eveiy instance the cerebral arterio-venous oxygen dif- 
ference decreases and does so progressively with time. Three observations of 
the 5 made after the injection of iodoacetate reveal that the initial cerebral 
arterio-venous oxygen difference is increased after injection. 
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Discussion. The results reveal that during partial anoxia the brain of the 
adult dog obtains sufficient energy from the anaerobic cleavage of carbohydrate 
to prolong significantly the survival period. When glycolysis is inhibited by 
the injection of iodoacetate in dogs respiring 8 per cent oxygen the survival 
period is shortened. Additional proof of the development of energy from 
carbohydrate during anoxia was obtained from a quantitative analysis of sam- 
ples of brain and blood for lactic acid. In these animals the concentration off 
lactic acid in the brain was higher than in controls not subjected to anoxia. 
The cerebral lactic acid originated in the brain and did not diffuse to the brain 
from the blood because the concentration of lactic acid was higher in the cat 
brain than in the blood. The maintenance of the higher concentrations of lactic 
acid in the brain than in the blood may be accounted for by a certain degree of 
cerebral capillaiy impermeability to electronegative substances including lactic 
acid (6). The decrease of the cerebral arterio-venous oxygen differences in dogs 
respiring 8 per cent oxygen indicates that the respiration of this gas mixture does 

TABLE 3 

Arterio-venous oxygen difference after 8 per cent oxygen or iodoacetate 

Volumes per cent 

CONTROL 11 MINUTES 31 MINUTES 

11.3 7.3 5.8 

6.9 4.3 

7.7 3.4 

6.8 8.7 

6.8 9.3 

7.0 10.2 

not furnish adequate supplies of oxygen to the brain. In every instance the 
cerebral arterio-venous oxygen difference diminishes during anoxia. The smaller 
arterio-venous oxygen differences are caused by a more rapid cerebral blood 
flow, a response to cerebral anoxia. In unpublished experiments on dogs 
anesthetized noth Dial the respiration of 11 per cent oxygen had no effect on 
the cerebral arterio-venous oxygen differences. In cats anesthetized with 
chloralose, Courtice (7) observed that the cerebral arterio-venous oxygen dif- 
ference did not begin to diminish until the respired oxygen fell to 15 per cent. 
The different sensitivities to anoxia exhibited with barbiturate and chloralose 
may be attributed to the fact that chloralose depresses the central nervous 
system and the respiratory centers less than do the barbiturates. Acceleration 
of circulation rate in response to cerebral anoxia may therefore develop with a 
lesser degree of oxygen deprivation under chloralose anesthesia. 

The injection of iodoacetate increased the cerebral arterio-venous oxygen 
difference in dogs breathing room air. It is not likely that iodoacetate increased 
cerebral oxygen consumption but rather cerebral blood flow was slowed perhaps 
due to the effect of iodoacetate on the heart or capillaries. Irrespective of any 


60 MINUTES 



8% oxygen 


Iodoacetate, 32 
mgm./kgm. 
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change in the rate of cerebral circulation, it should be noted that the oxygen 
intake continued despite a probable inhibition of cerebral glycolysis. 

It is of some interest that after trial of various concentrations of iodoacetate 
a dose of 32 mgm. per kilo was chosen as the concentration compatible with 
adequate survival in air yet assuring rapid exitus while respiring 8 per cent 
oxygen. Henderson and Greenberg (S) have previously determined that iodo- 
acetate in doses of 33 mgm. per kilo prevented the accumulation of lactic acid 
in the blood despite prolonged anoxia. 

The brain probably employs more than one path for the oxidation of carbo- 
hydrate in the formation of energy. By one path, designated as Path I, glucose 
breaks down to pyruvic acid before oxidation to carbon dioxide and water, the 
Embdcn-Meyerhof scheme. But when this path is blocked by iodoacetate, 
the oxidation to carbohydrate continues by another path, Path II. There are, 
therefore, at least 2 paths for the oxidation of carbohydrate. On the other hand, 
during anaerobiosis, the brain can obtain energy only by the first path and the 
formation of lactic acid. The injection of iodoacetate during anaerobiosis 
therefore robs the brain of its only remaining source of energy; the formation of 
lactic acid by Path I is inhibited and cerebral function ceases. Both aerobic 
and anaerobic production of cerebral energy is greater in the adult than in the 
infant brain (1, 2, 9). The increase in the aerobic processes, however, is larger 
than in the anaerobic. As a result of this shift to aerobic processes the adult is 
less tolerant to anoxia than is the infant. 

SUMMARY 

A study was made in order to evaluate the significance of the anaerobic 
development of energy from the cleavage of carbohydrate for the maintenance 
of cerebral function. 1. In dogs anesthetized with pentobarbital and respiring 
S per cent oxygen in nitrogen the cerebral arterio-venous oxygen differences 
decrease indicating an inadequate supply of oxygen to the brain. 2. Lactic 
acid accumulates in the brain of cats anesthetized with pentobarbital and sub- 
jected to the respiration of 8 per cent oxygen, as the cleavage of carbohydrate 
affords energy for the maintenance of cerebral functions during anoxia. 3. The 
injection of iodoacetate, 32 mgm. per kilo, which inhibits the cleavage of carbo- 
hydrate shortens the survival periods of dogs anesthetized with pentobarbital 
and respiring 8 per cent oxygen. It may, therefore, be concluded that during 
a period of partial anaerobiosis the brain of the adult dog or cat obtains some 
of the energy required for its maintenance by the anaerobic splitting of carbo- 
hydrate and the formation of lactic acid. It should be pointed out however 
that the ability of the adult to withstand anoxia is much more limited than 
the infant. 
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According to the “humoro-electrical” theoiy, activation of nerve cells transpires 
in two stages— humoral and electrical (Gesell, Brassfield and Hansen, 1942). 
Impulses impinging on the nerve cell release the neurohumor. Acetylcholine by 
virtue of its rate of destruction pools at the dendrites and cell body and provides 
an adjustable electrochemical voltage, the intensity of which is determined by 
the size of the pool. A resulting continuous current leaves the neuron at the 
axon hillcck and fires the neuraxon at a frequency proportional to its intensity. 
Artificially^ administered extrinsic acetylcholine on reaching nerve cells, adds to 
the existing intrinsic acetylcholine and potentiates the reflexes motivated by the 
existing physiological bombardment. Eserine protects the intrinsic acetyl- 
choline liberated by physiological bombardment and produces similar potentia- 
tion of physiologically motivated reflexes (Gesell, Hansen and Worzniak, 1943). 
Atropine by counteracting the effects of acetylcholine exercises a depotentiating 
influence. Because the effects of acetylcholine, eserine and atropine are ne- 
ccssarily linked with prevailing synaptic bombardment, they offer unusual 
promise as chemical tools in the unravelling of the mechanisms of nervous 
integrations. 

Procedures. Our methods are described in part in earlier studies on humoral 
intermediation of nerve cell activation (Gesell, Hansen and Worzniak, 1943). 
In the present observations (all on the dog) the abdominal and costal respiratory 
movements and the contractions of the accessory respiratory muscles of the face 
were recorded. This was essential to show qualitative changes in breathing 
which ordinarily fail to reveal themselves in the spirometer record alone. The 
thoracic and abdominal movements (change of girth) were recorded with a 
modification of the torsal band method (Gesell and Moyer, 1935). The facial 
muscular contractions were registered with a vertical writing point attached to 
the fold of skin at the angle of the mouth. Downstroke represents inspiration 
in the band records and expiration in the facial tracings unless otherwise speci- 
fied. Facial, thoracic, abdominal and spirometer records are labelled F, T, 
A and S. 

Results. 1. Respiratory response to eserine conforming with theoretical ex- 
pectations. Granting that breathing is synaptically motivated, eserine, by virtue 
of its anticholinesterase activity might be expected to produce the same effects as 
acid, namely, a co-ordinated hyperpnea. But eserine produces two types of 
response illustrated in figure 4 — a simple hyperpnea such as may be expected 
from excess of CO 2 and an unanticipated deviation which differs in striking and 
characteristic ways to be described below. Of the two changes the expected 
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result seen in figure 1 is by far the less common. This observation was made 
during pneumothorax plus constant ventilation to assure a uniform pH. It 
compares in essentials with the response to simple asphyxia during pneumo- 
thorax minus ventilation to assure a diminishing pH illustrated in figure 2. The 
records from above down are facial, chest and abdominal movements. The 
slowness of the development of hypcvpnca during cserine poisoning and the 
protracted recovery (not shown) seem merely to reflect a very gradual accumu- 
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lation and disappearance of acetylcholine. Return to normal breathing ma 3 r 
require 1 to 3 hours. 

2. Quantitative deviations from the theoretical response to eserinc. Deviation 
from the expected response to eserine (see schema, fig. 4) consists of an early 
interruption of the initial hyperpnea which divides the complete response into 
four instead of two phases: 1, a relatively brief hyperpnea; 2, a subsequent 
diminishing ventilation; 3, a relatively prolonged period of increasing ventila- 
tion, and 4, a protracted return to normal. See spirometer tracing of figure 6 
for stages 1, 2 and 3. Stage 4 is omitted. 

Abolition of pulmonary ventilation in stage 2 (see figs. 10 and 11) would 
indicate a complete parafysis of the respiratory center. The sudden appearance 
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of powerful sporadic inspirations scattered among the periods of apnea or during 
shallow breathing in that same stage in figures 5, 6 and 7 however speak for a 
highly excitatory condition of the respiratory center. In a like manner the 
diminution of tidal air in figure 11 agrees with a depression of the center, but the 
concurrent accelerated frequency suggests the reverse. The final apnea, there- 
fore, cannot be interpreted as an unquestionable paralysis. The significance 
of the changes in pulmonary ventilation is more effectively approached by a 
consideration of the qualitative changes in breathing. 

3 . Qualitative changes in breathing 'produced by eserine. The qualitative changes 
which eserine produced upon the respiratoiy act proved far more significant 
than the quantitative fluctuations in pulmonary ventilation because they re- 
vealed highly significant differential effects of nervous imbalance. At the height 
of eserine poisoning breathing is radically changed. The accessoiy respiratory 
muscles of the face and neck contract vigorous^, as if the animal were suffering 
from intense asphyxia, while at the same time the torso shows no respiratory 
movements whatever. The condition develops slowly. As one muscular 
activity diminishes another increases with the resultant effect that respiration 
changes from a normal and predominantly inspiratory type to a predominantly 
expiratoiy type. Eventually torsal respiratory movements disappear while 
facial inspiratoiy contractions persist at maximum presenting a different type 
of inspiratoiy breathing from that of eupnea. With recovery these events are 
reversed. Facial, chest and abdominal movements as well as pulmonary venti- 
lation were therefore recorded. Figures 5, 6, 7, 14, 15, and others illustrate some 
of the outstanding points in this extraordinary phenomenon. 

Figure 6 is our most complete illustration, lacking only the last stages of an 
uneventful recovery back to eupnea. Two milligrams of eserine were injected 
intravenousty at A'. Following the initial hyperpnea at B thoracic and ab- 
dominal movements and pulmonary ventilation diminish after which breathing 
becomes decidedly irregular in both costal and abdominal segments. Irregu- 
larity of breathing is ushered in by a progressive constriction of the chest. At 
maximum constriction normal respiratoiy rhythm in the abdominal segment is 
abolished. Only occasional sporadic inspirations break through. In the chest 
however respiratoiy contractions continue without interruption and increase in 
amplitude at an early stage of poisoning. Normal respiratory rtythrn in the 
abdominal segment returns only after the chest has begun to relax. Abdom- 
inal movements then increase in strength along with the chest. Irregularity of 
breathing disappears as the expiratory activity of the chest weakens. 

Dominance of costal breathing results from at least two changes in muscular 
activity: 1, a weakening of diaphragmatic contractions, and 2, a strengthening 
of costal expiratoiy contractions. Of the acquired qualitative changes in 
breathing, costal expiratoiy activity appears first and facial inspiratory contrac- 
tions appear second, after an interval of about 3.5 minutes. Both activities in- 
crease in intensity for another 4 minutes up to point C. This marks the peak 
of eserine poisoning beyond which facial inspiratoiy and costal expiratory 
activity diminish. Facial contractions disappear within 9 minutes, at point D. 
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Costal expiratory activity is still present at the end of the record. The order 
of appearance of costal expiratory and facial inspiratory activity and the re- 
versed order of diminution and disappearance of these activities is rather 
characteristic. 

. Several features of this response seem exceptionally pertinent. Inspiratory 
contractions of the diaphragm weaken as the expiratory contractions of the chest 
increase. Inspiratory contractions of the diaphragm weaken as inspiratory 
contractions of the face increase. Neither combination has the earmarks of 
co-ordination toward attainment of hyperpnea. On the other hand the si- 
multaneous increase of inspiratory and expiratory activity in the chest is 
indicative of a localized co-ordination. Failure of the diaphragm seems to be 
the major disco-ordination. 

Figure 14 shows an exceptionally orderly series of events in the three major 
alterations in a relatively slowly breathing animal. Irregularity of breathing 
is missing despite intact vagal reflex paths. Diaphragmatic contractions 
diminish and facial contractions increase. After an initial decrease the thoracic 
contractions increase along with the facial contractions. The increase in 
thoracic activity is primarily expiratory. As noted in figure 6, there are opposing 
and co-ordinated changes in activity in three groups of muscles. There is an 
increasing expiratory activity in the chest, and an increasing inspiratory activity 
in the face associated with a decreasing inspiratory activity in the diaphragm. 
Deficient diaphragmatic movement is compensated in part by increasing costal 
movement, mainly expiratory. Tidal air increases after an initial depression 
despite abdominal inactivity. Breathing changes from a predominantly in- 
spiratory type toward an increasingly expiratory type. Ten milligrams of 
atropine injected into the vertebral artery brings on a sudden reversal of effects 
differing from ordinary recovery mainly in the abruptness of the changes. 
Facial contractions cease, active expiratory contractions disappear (note the 
sudden drop in the costal expiratory level), diaphragmatic contractions suddenly 
return and the animal is back to the inspiratory type of breathing. 

In general the spirometer records tell little about the qualitative changes in 
breathing but on rare occasions they differentiate in a single tracing the active 
and passive phases of inspiration and of expiration. Such was the fortunate 
case in figure 15. The dog was vagotomized and breathing was relatively slow. 
During eupnea inspiration is certainty active and expiration most probably 
passive — at least predominantly passive. This dominance of inspiratory 
activity persists throughout the initial hyperpnea, A, and the following hypop- 
nea, B, up to point C. After point C the respiratory cycle divides itself into five 
distinct phases: 1, active inspiration; 2, passive expiration; 3, inactive expiratory 
pause; 4, active expiration; 5, passive inspiration. The quiescence of the torso 
during the expiratory pause produces a series of notches and a resulting demarca- 
tion line which reveals the relative intensities of contraction of the inspiratory 
and expiratory muscles. After the sudden reduction of respiration up to point C 
ventilation increases up to point E where the effects of eserine are interrupted 
by an intravenous injection of atropine. From C to D ventilation increases 
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despite a steadily weakening inspiration. The adjustment is made by a steadily 
increasing expiration. From D to E breathing continues to increase despite a 
slowly diminishing expiratory activity. The adjustment now comes through an 
increasing strength of inspiratory contraction. A sudden and striking trans- 
formation of breathing occurs at E comparable to a rapid and condensed re- 
covery. Thus frequency of breathing diminishes. The expiratory component 
disappears. Accessory inspirations vanish. Diaphragmatic contractions re- 
turn in force. Breathing is back to the predominant]} 7 inspiratory type. 

What do these changes signify, individually and collectively? The increasing 
and decreasing force of facial contractions are a perfect duplication of hypercap- 
nic liyperpnea and recovery. They agree with a progressively increasing and 
decreasing pooling of acetylcholine in the facial accessory arcs. Increasing 
and decreasing intensity of thoracic expiratory contractions agree with an 
increasing and decreasing pooling at the corresponding expiratory neurones. 
It would be stretching the point to attribute the irregularity of torsal inspiration 
noted in figure 6 to a coinciding irregularity of pooling in the torsal inspirator} 7 
arcs. There is no evidence that eserine, by itself, is capable of such effects. It 
would seem more logical to attribute the irregularity of breathing to sporadic 
changes of imbalance between the opposing half-centers and to accept the 
stronger contractions as the more reliable measure of the potential activity of 
the torsal inspiratory neurones. Working on that assumption we have noticed 
that the inspiratory contractions tend to divide into two groups, weaker con- 
tractions which decrease in intensity up to the peak of eserine poisoning and 
greater sporadic contractions which tend to increase in power as eserine poisoning 
increases (see figs. 5, 6 and 13). How are these diametrically opposite changes 
to be reconciled? Excessive expiratory activity could impress excessive in- 
hibition on the inspiratory neurones via reciprocating connections. On the 
other hand an increased pooling of acetylcholine at the inspiratory neurone could 
account for the increasing intensity of those inspirations which sporadically 
break out of the imbalance (see Gesell and Hamilton, 1941, and review by Gesell, 
1940). Were it not for the disco-ordinate potentiation of the expiratory neurones 
eserine' hyperpnea might be as highly co-ordinated as hypercapnic hyperpnea. 

While the increase of the larger inspiration does not always follow a smooth 
curve, such as illustrated in figure 13 the general tendency in that direction is 
unmistakable. On the whole smaller injections of eserine are more likely to 
produce irregularity of breathing and an increase and decrease of depth of the 
two groups of inspirations. Compare figures 5, 6 and 7 in which 1.4, 2.0 and 
3 mgm. of eserine were injected. Large injections tend to prevent the appear- 
ance of the powerful inspirations as in figure 12 or to delay their onset as in 
figure 7. 

4. A 'possible role of bronchiole constriction in the respiratory response to eserine. 
It has been suggested to us that a constriction of the bronchioles resulting from 
accumulation of acetylcholine at the pulmonary motor endings might impede 
the movement of air in and out of the lungs, at the same time allowing un- 
impeded contractions of the facial muscles which are not exposed to this mechan- 
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ical resistance. Two observations question the importance of bronchiole con- 
striction — absence of powerful torsal respiratory efforts in severe escrine poisoning 
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such as are ordinarily seen in all forms of mechanical asphyxia (pneumothorax, 
fig. 2, or clamping of the trachea) and the actual occurrence of deep breaths 
interspersed among the subnormal inspirations and apneas (figs. 5, 6 and 7). 
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Nevertheless it seemed desirable to seek more quantitative evidence by recording 
the effects of eserine during constant artificial ventilation administered during 
double open pneumothorax. Constant pulmonary ventilation has the purpose 
of eliminating acidity as a modifying factor and double pneumothorax assures 
freedom of movement to all groups of rcspiratoiy muscles. Should bronchiole 
constriction occur it can effect neither the ventilation of the blood, nor the extent 
of the contraction of the respiratory muscles. The customaiy hyperpneic 
activity of the facial accessoiy muscles and the simultaneous torsal apnea (fig. 3) 
show that the peculiar respiratory response to eserine must be sought in some 
detail other than bronchial constriction. 

5. Effects of size of injection of eserine. The amount of eserine injected in- 
fluences the respiratory response in several ways (see figs. 5, 6 and 7). One and 
four-tenths milligrams of eserine evoked no facial accessoiy response, 2 mgm. 
evoked a medium response and 3 mgm. a powerful response. The response 
appeared within approximately 5 minutes after the injection of 2 mgm. and 
within approximately 1.5 minutes after 3 mgm. 'Irregularity of torsal breathing 
and regularity of facial breathing occurred with all doses. The appearance of 
the sporadic deep breaths as mentioned above was momentarily delayed by the 
large injection. Normal respiratory rhythm persisted in both costal and ab- 
dominal segments after the smallest injection. With the intermediate dose of 
2 mgm. the chest followed facial contraction consistently while the abdomen 
followed only sporadically. With the large injection the normal rlythm dis- 
appeared in both torsal segments, presenting an interesting picture of two 
simultaneous respiratory rhythms, a rapid normal rhythm in the upper facial 
arcs and a slow or partially blocked rhythm in the lower segments. 

The earlier appearance of accessory contractions with large injections of eserine 
indicates a more rapid accumulation of acetylcholine at the facial neurones under 
the increased protection offered by those doses. Presence of torsal response and 
absence of facial response to the smallest injection (1.4 mgm.) indicates lighter 
bombardment of the facial arcs, i.e., a smaller release of acetylcholine requiring 
greater potentiation to bring it to threshold stimulation. More extensive 
elimination of torsal inspiratory movements with increasing doses of eserine 
indicates an increasingly disproportionate potentiation of the expiratoiy neu- 
rones and a correspondingly greater domination of the inspiratory neurones 
(see below). 

6. The factor of asymmetrical bombardment and asymmetrical •potentiation of 
opposing half-centers. Pronounced asymmetrical activity of the opposing half- 
centers during ordinary eupnea suggests a correspondingty pronounced asym- 
metry of bombardment. The successive order of appearance of inspiratoiy, 
expiratoiy and accessoiy contractions during asphyxia following upon artificially 
induced hypocapnic apnea would seem to reflect the relative intensities of the 
corresponding bombardments. Increasing anticholinesterase activity (hyper- 
capnia in this instance) superimposed upon apnea must theoretically potentiate 
all existing bombardments and call additional respiratory muscles into play in 
the order named. Should the acetylcholine machinery of integration be sus- 
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ceptible to disco-ordinate (i.e., disproportionate) potentiation, let ns say of the 
more lightly bombarded expiratory neurones, the inspiratory neurones must give 
way in part to the dominance of the superactivated expiratory neurones via 
reciprocal inhibition. 

The existence of such a mechanism is actually suggested in the response of 
muscle to indirect stimulation of low and high frequency (Rosenblueth and 
Morrison, 1937). Eserinc injected during the course of such stimulation was 
found to potentiate the effects of infrequent stimulation (explained by moderate 
accumulation of acetylcholine at motor end plates) and to paralyze the muscle 
to frequent stimulation (explained by excessive accumulation of acetylcholine). 
Preliminary experiments on the diaphragm agree with those of Rosenblueth and 



Figs. 14-15 


Morrison. We have reversed the procedure and sampled the response of muscle 
to electrical stimulation during the course of eserine poisoning. To mention a 
single example — the diaphragm was found to respond with a single twitch to 
a continuing stimulation of the phrenic nerve at a frequency of 45 per second and 
with a series of twitches to a stimulation frequency of 15 per second. Small and 
large concentrations of acetylcholine exercise comparable potentiating and 
paralyzing effects upon sj^mpathetic and parasympathetic ganglia. 

Since our findings on respiration could be explained by peripheral muscular 
as well as by central nervous action it was desirable to inquire into the problem 
of relative susceptibility of muscle and center and thus establish the main site 
of action of eserine. 

7. The site of disco-ordination of the respiratory act in eserine poisoning. 
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Eserine unquestionably produces a central disco-ordination because the intensity 
of the electrical potentials of the phrenic nerve and the intensity of diaphrag- 
matic contraction run parallel courses. When contractions cease electrical 
activity is missing and when contractions return and increase in volume the same 
changes in phrenic electrical activity occurs. The fact that the diaphragm 
will respond to artificial stimulation of the phrenic nerve at a time when physi- 
ological contractions and phrenic potentials are missing indicates that central 
integration is more sensitive to eserine than is simple intermediation at the motor 
end plate of the diaphragm. With larger injections however both muscle and 
center may be involved. 

Parallel changes of expiratory nerve potentials and expiratory muscle activity 
give double assurance that the centers are importantly involved in the respirator}’ 
response to eserine poisoning. 



Figs. 16-23 


Absence of phrenic potentials during eserine hypopnea however must not be 
interpreted as paralysis of the inspiratory half-center unless reciprocal inhibition 
is eliminated. Evidence on that issue must be sought in other ways. 

8. Central paralysis of the inspiratory neurones versus reciprocal inhibition via 
excitation of expiratory neurones. Inhibition and paralysis differ in that one 
implies a functional state and the other a loss of function. Reflex stimulation 
of the respiratory center should allow experimental differentiation. A paralyzed 
inspiratory half-center should be incapable of responding to an inspiratory stim- 
ulation (Hering’s nerve) whereas an inhibited center should yield (see figs. 17 
and 18). Although eserine had virtually arrested breathing in figure 18 stimu- 
lation of Hering’s nerve produced a more powerful response than befoie. 
Breathing bursts out of apnea with a surprising suddenness and frequency and 
ceases without a sign of after-discharge. Only two breaths occurred dining 
stimulation before eserine was injected as compared with 6 breaths duiing 
eserine poisoning. 


380 


ROBERT GESELL AND E. T. HANSEN 


The suddenness with which breathing stops at the end of stimulation is a most 
interesting phenomenon because eserine is generally regarded as favoring after- 
discharge. Fulton (193S) believes that after-discharge is highly susceptible to 
inhibition. Can it be that the excessive expiratory activity, as displayed in the 
chest, is reciprocally opposing the tendency of the inspiratory half-center to 
after-discharge? If so the “apnea” which obtains between stimulations is an 
indirect expression of excitation rather than a direct expression of paralysis, i.e., 
an indirect inhibition resulting from excessive and imbalanced stimulation of 
the expiratory neurones. 

The extremely rapid breathing which stimulation of Bering's nerve produced 
may also be related to the dominant expiratory potentiation by eserine poisoning 
because stimulation of the predominantly expiratory excitatory vagus is known 
to intensify and prolong the expiratory phase of breathing thereby retarding 
rhythm; and stimulation of the predominantly inspiratoiy excitatory Bering’s 
nerve (vagi cut) is known to intensify and prolong the inspiratory phase of 
breathing and thus retard rhythm. Simultaneous stimulation however does not 
produce an additive slowing. Instead, both phases of breathing are shortened 
and frequency increased. It is believed that stimulation of Bering’s nerve in 
figure 18 adds a powerful inspiratory drive to a powerful expiratory drive already 
prevailing during eserine poisoning. In so doing it corrects a respiratory 
imbalance and forces the center to discharge at an accelerated rhythm. 

Although a predominant potentiation of the expiratory neurones is sufficient 
reason for apnea, excessive eserine poisoning is capable of producing direct 
paralysis of breathing as well. This is seen in figure 18 where the potentiation, 
evident in the first four stimulations, suddenly gives way to paralysis as the 
intensity of poisoning advances (stimulations 5 and 6). Note the fall in blood 
pressure. 

9. Proprioceptive reflexes in eserine poisoning. The central effects of acetyl- 
choline and eserine are importantly modified by prevailing plysiological reflexo- 
genic support (Gesell, Bansen and Worzniak, 1943). Vagal proprioceptive 
reflexes are especially effective in molding the patterns of breathing during 
eserine poisoning. Tliis is evident in the irregularity of breathing (figs. 5, 6 
and 7), and the readiness by which irregularity is abolished by vagotomy or 
vagal block (fig. 9). Subsequent X deblocking re-establishes the irregularity. 
Tliis influence of the vagus nerves seems to originate in the stretch reflex rather 
than the collapse reflex for if the lungs are maintained at subnormal volumes 
(artificial ventilation during pneumothorax, vagi intact) breathing continues 
with perfect regularity (fig. 8). If the lungs are now brought back to normal 
volume (discontinuance of artificial ventilation and pneumothorax) irregularity 
of breathing returns immediately. 

Sustained pulmonary inflation to supernormal volume and simple eserine 
poisoning show analogous effects pertinent to our problem (Gesell, 1940). Both 
establish a dominating expiratory activity. Both hold inspiration in abeyance 
and create apneic pauses of varying duration. These pauses are interrupted by 
irregular breaths of varying depths, normal, subnormal, and supernormal. 
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Each breath transpires with accelerated velocity, expiration often retracing the 
inspiratory stroke. Presumably these analogous effects have similar integra- 
tions. 

The dual excitatory mechanisms of vagal function hold that a stretched con- 
dition of lungs reflexly releases an increased amount of acetylcholine at both 
half-centers. Because more acetylcholine is released at the expiratory half- 
center, the inspiratory half-center is held in reciprocal abeyance. When, how- 
ever, the inspiratory half-center breaks out of the dominance of the expiratory 
half-center it discharges violently because the superactivity of the inspiratory 
excitatory fibers has accumulated excessive amounts of acetylcholine about the 
inspiratory neurones. 

Theoretically analogous conditions prevail in simple eserine poisoning. 
Acetylcholine accumulates in the inspiratory and expirator}" neurones thereby 
increasing the potential power of every impulse impinging on both groups of 
cells. Disproportionate intensification of expiratory activity holds the inspira- 
tory neurones in abeyance. When however they do discharge they do so under 
the driving force of excessive acetylcholine. Inspiration is therefore rapid and 
powerful. This produces a rapid inflation of the lungs and powerful reflexogenic 
release of acetylcholine at the inspiratory neurones which in turn is spared by 
the anticholinesterase activity of eserine. Inspiration gets out of control and 
reaches supernormal depths. The simultaneously intensified expiratory stretch 
reflex and the greater accumulation of acetylcholine at expiratory neurones 
intensifies the expiration which follows. 

10. A comparison of the effects of eserine and of acetylcholine. Granted that 
eserine produces a gradual accumulation of acetylcholine at nerve cells, a slow 
and continuous injection of a weak solution of acetylcholine might be expected 
to produce approximately similar conditions. Acetylcholine was injected with 
a specially devised pump into the carotid artery (2 cc. per minute of 1/10000 
solution) after having denervated the carotid bodies (fig. 16). The period of 
injection is indicated. The effects are remarkably similar to those of eserine in 
figure 18. There is a temporary increase of tidal air, a marked increase of fre- 
quency of breathing with a decided falling off of tidal air. The chest shows 
marked expiratory constriction, the abdomen passive dilatation and the chest 
movements are better conserved than the abdominal. There is the same aug- 
mented increase of respiratory response to faradic stimulation of Hering’s nerve. 
Reflexogenic ventilation is trebled. 1 

11. Antagonism, between atropine, and acetylcholine or eserine. The effects of 
atropine upon breathing during eserine poisoning are exceptionally striking. 
Respiration which has been completely stopped by excessive eserine poisoning 
is restored within a few seconds by small amounts of atropine (approximately 
1 mgm.). When administered during milder poisoning atropine reverses each 
qualitative change in breathing which eserine had set up (see figs. 14 and 15). 

1 Schweitzer and Wright state that "The excitatory action of eserine cannot be due to 
its anticholinesterase action as it is the converse of the action of acetylcholine (J. P. 
89 : 196 , 1937 ). 
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The highly active accessory respiratory muscles of the face stop contracting, the 
active expiratory contractions of the chest disappear, and the inactive or weak- 
ened diaphragm contracts with greater vigor. Similar antagonism exists be- 
tween atropine and acetylcholine. When acetylcholine is injected continuously 
in dilute solution to simulate the conditions of escrine poisoning atropine restores 
torsal pulmonary ventilation if breathing has been suppressed (fig. 10). On 
the other hand if breathing has been increased, atropine diminishes pulmonary 
ventilation (fig. 21), agreeing with the findings of Miller, Stavraky and Woonton 
(1940) on the cerebral cortex. 

‘ This opposing action of atropine upon extrinsic acetylcholine is in agreement 
with the well recognized antagonism of the muscarine effects of acetylcholine 
and those of atropine in the parasympathetic system. Since it is highly probable 
that eserine increases the amount of extra-neurocellular acetylcholine the action 
of atropine during eserine poisoning may be analogous to that during extrinsic 
acetylcholine poisoning. 

Theoretically atropine could produce significant effects at several points, at 
the myoneural junction, at synaptic junctions in the chemoceptor organs (v. 
Euler, Liljestrand and Zotterman, 1941) and in the centers. The elimination 
of the myoneural junction as a factor in the production of the typical respiratory 
response to moderate amounts of eserine eliminates this site of action of atropine 
in the reversal of eserine effects. This conclusion is also supported by our direct 
observations on nerve and muscle action potentials. When atropine is injected 
directly into the vertebral artery during eserine poisoning (fig. 14) the effects 
are more profound, and more sudden than when injected intravenously (fig. 15). 
The restoration of breathing within a period of two to three seconds indicates a 
central action of the drug. Comparable effects of atropine during eserine poi- 
soning after denervation of the carotid bodies and double vagotomy supports 
this conclusion (not illustrated). 

We are forced to believe, contrary to generally accepted opinion, that atropine 
is capable of exercising a powerful anti-acetylcholine and anti-eserine action in 
the nerve cells of the central nervous system. Our findings and those of Miller, 
Stavraky and Woonton (1940) corroborate those of Marrazzi (1939) in periph- 
eral ganglia and make the observation general for all nerve cells. 

12. Central effects of atropine upon eupneic breathing and on the reflex response 
to faradic stimulation of Hering’s nerve. Small injections of atropine into the 
vertebral artery after denervation of the carotid bodies and double vagotomy 
diminishes breathing appreciably. In figure 19 eupnea was reduced approxi- 
mately 20 per cent by 0.5 mgm. and artificial reflexogenic hyperpnea, produced 
by faradic stimulation of Hering’s nerve, was diminished a comparable amount. 
Compare the pre- with the post-atropine response. Proper preconditioning with 
eserine will reverse the effects of atropine upon reflexogenic response (figs. 22 
and 23). The first stimulation of Hering’s nerve, administered about 15 minutes 
after an intravenous injection of 2 mgm. of eserine, showed a marked potentiation 
of the facial, costal and abdominal movements (control omitted). Four addi- 
tional milligrams of eserine after stimulation no. 1 abolished chest and abdominal 
movements and introduced a series of minute facial contractions. Stimulation 
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no. 2 applied during this increased anticholinesterase influence produced a 
relatively smaller response of the chest and abdomen and a relatively larger 
response of the facial accessory movements than stimulation no. 1. This re- 
sponse is reversed by atropine in stimulation no. 3. Torsal movements are now 
increased more than the}’’ were in stimulation no. 2 and facial response is rela- 
tive^ diminished. According to our reasoning acetylcholine exceeded the limits 
of potentiation at the heavily bombarded torsal arcs in stimulation no. 2 but 
remained within the limits of potentiation at the more lightly bombarded facial 
arcs. Elevation of the threshold of stimulation by atropine abolished the 
paralytic action of high concentration of acetylcholine at the heavily bombarded 
arcs and kept the effects of the acetylcholine within the limits of potentiation. 
But at the facial arcs where acetylcholine had failed to reach paralytic concen- 
trations in stimulation no. 2, atropine raised the threshold excessively and 
thereby weakened the stimulating effects of acetylcholine released during stimu- 
lation no. 3. 

The simultaneous occurrence of both excitatory and depressing effects at 
individual functional units of the respirator}’’ center from a single injection of 
atropine is interesting in view of the fact that central effects of both types are 
ascribed to atropine (Goodman and Gilman, 1941). 

13. The effects of 'preconditioning with atropine upon the respiratory response 
to escrine. Atropine in quantities as minute as 1 mgm. raises the threshold of 
respiratory response to eserine enormously. Often the effects are mainly quan- 
titative, at other times marked qualitative effects occur as well. Instead of 
the typical four phasic response eserine may produce a simple hyperpnea com- 
parable to that of hypercapnia (fig. 20). A more perfect balance between half- 
centers is in some way attained. If this better balance is attributable solely to 
an increase of threshold it illustrates another simple means by which nervous 
integration can be strikingly modified. 

Comments. The great value of eserine as a physiological tool lies in its ac- 
cepted mode of action. Though non-stimulating in itself its end result is 
stimulation. Like the hydraulic dam which pools the energy of a flowing 
stream of water and thereby motivates hydraulic machinery, eserine pools the 
nervous power of a continuing stream of nerve impulses. Without primary 
disturbance in the volume of physiological bombardment it raises the level of 
acetylcholine and supermotivates the nervous machineiy to which this humoral 
energy is liitched. Faced with this peculiar action it seems increasingly difficult 
to deny the steady or “tonic” nature of nervous forces (Gesell, 1940) or to defend 
a purely electrical and temporally rigid concept of synaptic “transmission”. 

It stands to reason that a powerful neuro-humoral drive calls for a propor- 
tionately powerful inhibition if one half-center is to give way to the other in 
rhythmical alternate activity. ■ A unihumoral mechanism of nervous integra- 
tion might conceivably meet such requirements on the assumption that acetyl- 
choline is capable of producing either stimulation or inhibition depending upon 
where it is released — excitation if released at the dendrites and inhibition if 
released at some strategical counterelectromotive position such as the axon 
hillock or base of dendrite. Without disrupting the machinery of integration a 
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simultaneously increased anticholinesterase action at both excitatory and 
inhibitory dendrites might produce a co-ordinated hyperactivity such as is seen 
in hypercapnic hyperpnea. A dual humoral system of nervous integration based 
on the experiments of Marrazzi (1939) on autonomic ganglia is an alternate possi- 
bility. 


SUMMARY 

Among the outstanding observations on eserine were 1, a reinforcement of 
thoracic expiratory contractions; 2, a temporaiy irregularity of strength of torsal 
inspiratory contractions associated with subnormal pulmonary ventilation; 3, 
an initiation and strengthening of the facial accessory respiratory contractions. 

These effects occur with vertebral injections after chemoceptor denervation 
and are therefore central. 

Irregularity of breathing consisted of shallow breaths tending to weaken and 
of sporadically deep breaths tending to strengthen as eserine poisoning increased. 

Large injections intensified all effects of eserine including the curtailment of 
the more shallow breaths. Complete curtailment left the powerful inspirations 
separated by apneas of variable durations. 

Corresponding apneas were absent in the facial rhythm. Respiratory block 
is indicated. 

Increasing intenshy of costal expiratory, of torsal inspiratory and of facial 
accessory inspiratory contractions are thought to indicate a progressive pooling 
of acetylcholine at all nerve stations where bombardment and release of acetyl- 
choline occurs. 

Failure of the smaller inspirations to attain maximum intensity is attributed 
to a disproportionate potentiation of expiratory neurones structurally coupled 
with their opposing inspiratory neurones. Only those inspirations breaking 
free of the dominating reciprocal inhibition are thought to gauge the potential 
activity of the inspiratory cells. 

The effects of eserine were duplicated with slowly injected extrinsic acetyl- 
choline. 

Atropine produced profound central effects: 1, reversal of the response to 
eserine and extrinsic acetylcholine, and 2, diminution of breathing motivated 
by intrinsic acetylcholine (fig. 19) (eupnea and artificial reflexogenic hyperpnea). 
Antagonism was greater to extrinsic than to intrinsic acetylcholine. 

It is thought that the support which our experiments give to the “humoro- 
electrical” theory of nerve cell function may prove basic to neurophysiological 
concepts. 2 

2 Since our paper has gone to press highly significant data have appeared on synaptic 
and motor and plate potentials. Repetitive stimulation of preganglionic fibers (low fre- 
quency) produces individually independent synaptic potentials. With greater frequencies 
there is a stepped rise to a wavy plateau. This plateau is attained earlier and is higher 
the higher the frequency. Undulations corresponding to stimulation may disappear en- 
tirely. (See Eccles, J. P. 1943, 101, 465.) Such smoothed synaptic potentials would seem 
to correspond with the requirement of our concepts that pooling of acetylcholine provides 
an adjustable continuous current for activating the neuraxon as it leaves the axon hillock 
(see p. 383). 
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Shock elicited by the tourniquet method and by hemorrhage is associated 
with arterial and arteriolar vasoconstriction until death of the animal approaches. 
Doctor Abell and I (1) could show this objectively by observing the vessels in 
windows made according to the Clark principle. These had been placed in the 
ears and mesenteries of rabbits and the mesenteries of cats. The mechanism 
by which this vasoconstriction occurs is not clear, but the fact that it is so 
persistent suggests that, in part, it is due to continuous liberation of a vaso- 
constrictor substance. 

For this reason it seemed desirable to ascertain whether such a substance 
could be demonstrated in the blood of animals in shock induced by a variety of 
means. The perfused rabbit’s ear method (2) was employed for demonstrating 
the presence of vasoconstrictor substance in dog’s blood. Shock was induced 
by 1 , tourniquets applied to the limbs; 2 , severe hemorrhage; 8 , stripping of the 
intestines, and 4 , burns. 

Methods. Shock was produced in dogs under pentobarbital anesthesia 
(35 mgm./kgm. body weight) first by tourniquets placed around the hind 
limbs of dogs. The tourniquets were sufficiently tight to reduce arterial pres- 
sure distal to the obstruction to 30 mm. Iig or less and all return flow was not 
cut off. They were left in place for 3| to 4A hours. Blood samples were taken 
into sjnringes moistened with sodium citrate solution and coagulation was pre- 
vented by addition of 0.3 cc. of 10 per cent sodium citrate to every 5 cc. of 
blood. Shock was also produced by bleeding dogs up to as much as 7 per cent 
of their body weight and keeping the arterial pressure at 30 mm. Hg for 40 
minutes. The details of this method will be described by Kohlstaedt and 
Page (3). 

Stripping and exposure of the intestine has been used to produce shock. Dr. 
Robert Taylor, who is studying this method, supplied the blood samples. Shock 
was also produced by burning the extremities of anesthetized dogs by immersion 
in boiling water for from 20 seconds to 3 minutes. 

Samples of citrated plasma ware perfused through the isolated rabbit’s ears 
using either calcium-free Ringer’s solution or citrated normal dog’s plasma as 
perfusing medium. Perfusion pressure may be kept very low (10/0 mm. Hg) 
when citrated plasma is used instead of defibrinated blood. Vasoconstriction 
in the ear was measured by the length of time required for the drop rate to be 
restored to its initial value as measured before the test injection, and by the 
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percentage reduction of drop rate after the injection as compared with the 
rate before. 

All of the plasma samples (0.1 to 0.2 cc.) to be tested were first injected into 
the ear perfused with calcium-free Ringer’s solution. After the intensity of the 
vasoconstriction had been thus ascertained, citrated plasma from normotensive 
dogs was substituted for the calcium-free Ringer’s solution and the plasma 
samples again tested. This was done because at least two kinds of vaso- 
constrictor substances appear in blood. One occurs after blood has clotted (4) 
and causes vasoconstriction in the ear when either Ringer’s solution or plasma 
perfuses it. The other, which occurs in blood of hypertensive patients and dogs, 
causes significant vasoconstriction only when plasma or blood are the perfusing 
media (5). 

Results. . 1. Tourniquet shock. Blood samples from 32 dogs in shock 
have been studied. The}’ were taken within 20 minutes after the tourniquets 
were in place and at intervals for several hours. 

Plasma from these animals caused vasoconstriction within \ hour after 
applying the tourniquets both with calcium-free Ringer’s solution and plasma 
as perfusing media (table 1). The amount of vasoconstrictor appeared to 
increase during the first hour but from then until death of the animal — usually 
from one to five hours after release of the tourniquets — no further increase 
occurred. No relationship was found to the level of arterial pressure. 

Seven additional experiments were performed in which both kidneys were 
removed the day before tourniquet shock was induced (example in table 1). 
The vasoconstrictor appeared in the blood just as it had in intact animals. 
Three experinjents were then done in which the left renal pedicle was denervated 
and the right kidney removed three days before the experiment. Again ap- 
plication of tourniquets and production of shock caused the appearance of the 
vasoconstrictor. Even section and partial destruction of the spinal cord from 
the second thoracic segment caudad failed to prevent its appearance when 
shock occurred. 

2. Hemorrhage. From 2 to 7 per cent of the body weight of blood of the dog 
was removed rapidly. Arterial pressure usually fell to 30 to 40 mm. Hg but 
tended to rise if more blood was not removed. Within 5 minutes after such a 
severe hemorrhage, vasoconstrictor was found in the blood (table 2). It per- 
sisted throughout the period of hypotension. We have not determined how 
long it remains after blood pressure was restored by transfusion. Eighteen 
animals were used for these experiments. 

In 5 additional dogs bilateral nephrectomy was performed varying from one 
day to one hour before bleeding. Vasoconstrictor appeared in the blood as 
in intact dogs. 

Six experiments were also done in which both adrenal glands were removed 
from 1 da 3 r to 3 hours before the experiment. Due to susceptibility of these 
animals to vasomotor collapse it was necessaiy to bleed them more cautiously 
than the normal dogs. The operation did not interfere with the appearance 
of the vasoconstrictor substance in the blood. 
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TABLE 1 


Formation of vasoconstrictor as a result of shock -produced "by constricting the blood supply 

to limbs of dogs 


DOO 

NO. 

B.P. 

HEMA- 

TOCRIT 

TIME 

PROCEDURES 

PLASMA PERFUSED 

singer's so- 
lution PURPOSED 

Re- 
duction 
of flow 

Per cent 
re ; 

Auction 
of drop 
rate 

Re- 
duction 
of flow 

Per cent 
re- 
duction 
of drop 
rate 


mm. Hg 




minutes 


minutes 


16-22 

234 

49 

8:30 

Control 

i 

20 

0 

0 




8:40 

Cords on legs 






142 


12:15 

Released 






122 

75 

3:10 







130 

73 

4:00 


7 

59 

6 

44 


110 

73 

6:00 


6 

31 




86 

70 

7:10 

Died 6 hrs. later 

19 

49 

7 

70 

16-24 

165 

37 

4:30 


0 

0 

u 

22 




4:45 

Cords on legs 






124 

56 

7:00 


9 

45 




104 

56 

7:55 


12 

59 






8:00 

Released 






66 

61 

8:45 


12 

54 

6 

68 


56 

62 

9:06 

Died 1 hr. later 

7 i 

40 



16-12 

190 

50 

8:00 

Bilateral nephrectomy 1 

2i 

54 

0 

0 





day before 








8:10 

Cords on legs 


* 




130 

54 

10:00 


9 

60 

3 

45 




11:05 

Released 

9 

70 

3 

48 


62 

59 

11:15 


9+ 

75 

4 

50 


58 

60 

1:00 









1:30 

Died suddenly 





16-46 

148 

40 

7:10 

Left renal denervation and 

1 

23 

1* 

36 





right nephrectomy 3 days 









before 








7:15 

Cords on legs 






124 

62 

9:15 


2h 

38 




134 

62 

10:50 


2i 

36 






11:00 

Released 






108 

67 

1:20 


3 

30 




92 

67 

4:15 


3 

27 




64 

65 

6:05 


5 

30 

4| 

60 

16-43 

122 

42 

11:30 


0 

0 




44 


12:00 

Animal pithed 






I 


12:15 

Cords on legs 






44 

47 

1:30 


4* 

56 




46 

47 

3:05 







34 


3:15 

Cords released 






32 

51 

3:40 


2i 

46 




22 

51 

5:10 

J 

2 h 

47 

— 

— 
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TABLE 2 

The effect of hemorrhage in normal and nephreclomized dogs on the formation of 

vasoconstrictor 


ORIGIN OF BLOOD 


Normal dog 

Control 

2 min. after 7.6 ce./kgm. blood removed. . 

14 hours later 

10 min. after 3 cc./kgm. blood removed. . . 
10 min. after 3 cc./kgm. blood removed.. . 
10 min. after 3 cc./kgm. blood removed. . . 
Same sample 

Next day: 

Control 

14 hrs. after 3 cc./kgm. blood removed ... 

24 hrs. later 

i hr. after 3 cc./kgm. blood removed 

If hrs. after 3 cc./kgm. blood removed ... 

Normal dog 

Control 

200 cc. blood removed and sample taken 45 
minutes later 

Normal dog 

Control 

200 cc. blood removed; sample taken im- 
mediately 

3 hours later 

Neplirectomized dog (24 hours before) 

Control 

1 hr. after 4 cc./kgm. blood removed 

1 hr. after 4 cc./kgm. blood removed 

4 hr. later 

1$ hrs. later 

4 hr. later 

4 hr. later 

Nephrectomized dog (3 hours before) 

Control 

Bled 3 per cent of body weight — 20 minutes 

after bleeding 

42 min. after bleeding 

6S min. after bleeding 

90 min. after bleeding 

All blood returned 

105 min. after bleeding.. 


MEAN 

ARTERIAL 

PRESSURE 

PLASMA PERFUSED 

ringer’s 

SOLUTION PERFUSED 

Reduction 
of flow 

Per cent 
reduction 
of drop 
rate 

Reduction 
of flow 

Per cent 
reduction 
of drop 
rate 

mm. Bg 

minutes 


minutes 


160 

1 4 

25 

4 

10 

40 

1 

4 

14 



42 

3f 

44 

54 

36 

30 

2 

33 



34 

54 

46 

54 

83 

32 

6-4 

48 




5f 

38 



110 

2 

38 

1 

32 

42 

5 

50 

3 

63 

46 

24 

36 



24 

54 

46 



20 

11 

60 



136 

0 

0 

4 

4 

34 

56 

54 

43 

64 

8S 

128 

4 

20 

14 

22 

78 

3 

4 

12 



40 

34 

42 

24 

64 

142 

14 

28 

0 

0 

80 

2 

30 

2 

30 

72 

2 

55 



60 

14 

27 



78 

14 

7 



46 

34 

48 

CO 

38' 

38 

24 

50 



130 

1 

19 

14 

32 

42 

4 

47 

34 

44 

24 

6 

70 



50 

24 

47 



100 





S4 

0 

0 
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Apparently adrenalin is either not liberated in large amounts or the method 
is too insensitive to detect small changes in it when hemorrhage occurs. This 
observation was unexpected since we had thought adrenalectomy might reduce 
the amount of vasoconstrictor found after hemorrhage. 

3. Intestinal stripping. The results with this method for producing shock 
were the same as with the tourniquet method. Before the arterial pressure fell 
significantly, the plasma developed vasoconstrictor properties which appeared 
to persist until death of the animal. Four experiments of this type were per- 
formed (table 3). Ultra-filtrates prepared from citrated plasma produced as 
much vasoconstriction as the original plasma from which it was prepared. 

4. Burns. Within 5 minutes after severe burns of the extremities from boiling 
water, the citrated plasma of the dogs showed marked hemoglobinemia. Vaso- 
constrictor action of the plasma was evident when perfused with calcium-free 
Ringer’s solution through a rabbit’s ear. Twenty -four experiments were done 
(table 3). 

Since so much hemolysis had occurred as the result of the burns, it seemed 
desirable to ascertain how much this might contribute to the vasoconstrictor 
action of the plasma. Washed, packed red blood cells were laked with distilled 
water, the stroma removed by centrifuging, the supernatant solution added to 
plasma until the color matched to the naked eye that of the plasma from burned 
dogs. Such plasma caused slightly more vasoconstriction than did the control 
normal plasma but nothing like enough to account for the vasoconstrictor oc- 
curring in the plasma of burned animals. 

Plasma from burned animals was subjected to ultra-filtration. The protein- 
free filtrate in quantities of 0.2 cc. caused usually as much vasoconstriction as 
did the original plasma. The constriction was more prolonged but seldom as 
sharp as that caused by the plasma itself. 

For some unexplained reason several ultra-.filtrates from plasma of burned 
animals showed no vasoconstrictor action. This was also true of serum, hence 
we are of the opinion that some uncontrolled factor affected the results. Since 
the majority of the ultra-filtrates showed marked vasoconstriction we are 
inclined to view the results as indicating that the vasoconstrictor is ultra- 
filtrable. This is strengthened by the fact that dialysis of plasma from burned 
dogs and normal serum for 17 hours in cellophane against normal salt solution 
causes disappearance of the vasoconstrictor action of the plasma or serum left 
within the dialysing sac (3 expts.). 

If the ultra-filtrate was subjected to heat by immersing the tube containing 
it for 5 minutes in boiling water, the vasoconstrictor action was reduced but 
not abolished. About the same reduction in potency occurred when plasma was 
treated similarly, and after boiling, the coagulum filtered off. The vasocon- 
strictor substance is evidently not highly thermolabile. 

5. Dissimilarity of the vasoconstrictors occurring in plasma from shocked and 
burned dogs from those in hypertensives and in serum. It has been demonstrated 
(5) that plasma and blood of hypertensive patients and dogs contains a vaso- 
constrictor substance as shown by the fact that they cause vasoconstriction 
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when perfused with normal plasma or blood through rabbits’ ears. When 
Ringer’s solution was used, very little vasoconstriction resulted. This fact aids 


TABLE 3 

Effect of burns and intestinal stripping in dogs on occurrence of vasoconstrictor in plasma 

(0.2 cc.) and plasma ultra-filtrates ( 0.2 cc.) 


DOG 

NO. 

TIME 

PROCEDURES 

PERFUSION 

MEDIUM 

VASOCONSTRICTION 

IN RABBIT'S EAR 

Reduction 
in drop rate 

Per cent 
reduction 
of drop rate 





minutes 


19-25 

Control 

Anesthetized 

Ringer’s* 

JL 

4 

16 


5 min. 

After burn 

Ringer’s 

16 

75 


1 hour 

After burn 

Ringer’s 

4J 

79 


Control 


Plasma 

2 

17 


5 min. 

After burn 

Plasma 

si 

SI 


1 hour 

After burn 

Plasma 

iij 

82 

19-23 

Control 

Anesthetized 

Ringer’s 

i} 

34 



Intestine stripped 

Ringer’s 

65 

85 



Ultra-filtrate 

Ringer’s 

Si 

52 



Boiled ultra-filtrate 

Ringer’s 

l 

34 

19-34 

Control 

Anesthetized 

Ringer’s 

n 

23 


30 min. 

After burning 

Ringer’s 

05 

55 



Plasma heated in boiling water for 






5 minutes 

Ringer’s 

2 } 

35 



Ultra-filtrate 

Ringer’s 

45 

59 



Plasma heated in boiling water for 






5 minutes 

Ringer’s 

35 

47 

19-43 

Control 

Anesthetized 

Ringer’s 

H 

30 


10 min. 

After burn 

Ringer’s 

7 

9S 


1 hour 

After burn 

Ringer’s 

7f 

93 



Boiled 5 minutes 

Ringer’s 

35 

81 



Ultra-filtrate 

Ringer’s 

15 

56 



Ultra-filtrate in boiling water-bath, 


1 




5 minutes 

Ringer’s 

45 1 

48 



Ultra filtrate 

Ringer’s 

5 i 

38 


2nd Assay 


Ringer’s 

i 

i 



Control 

Anesthetized 

Ringer’s 

i i 

22 


1 hour 

After burn. Plasma ultra-filtrate 

Ringer’s 

105 i 

109 



After burn. Plasma 

Ringer’s ! 

sj ! 

SI 



Ultra-filtrate in boiling water-bath 

1 

i 




5 minutes 1 

Ringer’s 

3 | 

55 


* Calcium free. 


in distinguishing the vasoconstrictor action of hypertensive’s plasma from 
plasma drawn from shocked and burned dogs. But normal scrim i alone also 
causes vasoconstriction in the rabbit’s ear when calcium-free Ringer’s solution 
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perfuses the car just as does plasma from shocked and burned animals. Con- 
fusion with histamine might also occur because it causes vasoconstriction under 
the conditions of our experiment. It was, therefore, desirable to determine 
whether the same vasoconstrictor occurred in blood of shocked and burned 
animals as that formed when blood coagulates. Further, it was necessary to 
distinguish these from histamine. 

It was found that repeated injections of one type or another of plasma or 
serum ultimately causes the ear vessels of an occasional preparation to become 
refractory to further stimulation to this especial plasma or serum. Let us take, 
for example, the continued perfusion and injection of dog’s serum until vaso- 
constriction no longer results. If now plasma from a burned dog was injected 
the full vasoconstrictor response was elicited. This principle was used to 
ascertain the similarity or dissimilarity of the various vasoconstrictors described 
in this investigation. 

The rapidity with which refractoriness developed in different eais varied 
greatly. It seemed usually much easier to develop it in an ear perfused with 
plasma when hypertensive plasma was used than when normal serum was em- 
ployed and the ear perfused with calcium-free Ringer’s solution. As many as 
60 injections of serum often failed to produce complete refractoriness in some 
ears. In order to facilitate its development, the experiments were conducted 
by perfusing for 30 minutes to an hour some of the plasma or serum to which 
refractoriness was desired, along with calcium-free Ringer’s solution or normal 
citrated plasma. The experiments illustrated in the tables are those in which 
refractoriness developed quickly. 

Refractoriness elicited to dog’s serum abolished the vasoconstrictor action 
of human serum as well (table 4). But plasma from burned dogs and dogs in 
shock from tourniquets or hemorrhage still caused sharp vasoconstriction. 
Histamine also was active. It therefore appears that the vasoconstrictor in 
plasma of burned, bled, or shocked animals is not identical with that in dog or 
human serum. The vasoconstrictors in dog and human serum appear from this 
test to be identical. Histamine differs from the latter in that it continued to 
cause vasoconstriction after the ear was refractory to serum. 

The next step was to perfuse ears with plasma from burned dogs and establish 
refractoriness to it (table 4). Human serum now gave full response while 
plasma from bled dogs gave none. Histamine was still active. These experi- 
ments, of which there were two, show again that the vasoconstrictor in burned 
animals differs from that in serum and that histamine is unlike both. 

To show that the vasoconstrictor in hypertensive’s blood differs from that in 
both shocked dog’s plasma and in serum, ears were perfused with hypertensive 
dog’s plasma until refractoriness developed. Repeated injections of human 
h 3 r per tensive’s plasma was used to hasten it and also to ascertain the rate of 
development. When the ear no longer responded to either hypertensive human 
or dog’s plasma, burned and bled dog’s plasma still caused vasoconstriction 
(table 5). The* same ear was then perfused with normal dog’s plasma plus 
burned dog’s plasma. Refractoriness to burned dog’s plasma developed but 
now hypertensive’s plasma again caused vasoconstriction. Human serum also 
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TABLE 4 


Dcvcloptncnt of refractoriness to dog’s scrum and burned dog’s plasma and the relationship 
to the vasoconstrictor response to plasma of burned dogs in hemorrhagic shock 

and histamine 




DROP RATE 
PER MINUTE 

REDUCTION 

PER CENT 

SUBSTANCE INJECTED 

AMOUNT 

OF DROP 

REDUCTION 



RATE 

OF PLOW 


(1) Ear perfused with calcium-free Ringer’s solution plus dog’s serum (0.15 cc. serum/cc. 
calcium-free Ringer’s solution). Perfusion pressure 44/24 mm. Hg 


Dog serum 

CC. 

0.2 

48 

minutes 

3* 

I 

42 

Dog serum 

0.2 

48 

1 

25 

Dog serum 

0.2 

48 

1 

i 31 

Human serum 

0.2 

40 

H 

22 

Human serum 

0.2 

44 

0 

| 0 

Burned dog plasma 

0.2 

44 

8 

82 

Human serum 

0.2 

48 

0 

0 

Human serum 

0.2 

48 

0 

0 

Burned dog plasma ! 

0.2 

48 

6 

76 

Human serum 

0.2 

60 

0 

0 

Histamine (0.000027 mgm./cc.) 

0.2 

60 

4+ 

100 

Human serum 

0.2 

60 

i 

33 

Human serum 

0.2 

64 

i 

6 

Dog plasma from hemorrhagic shock 

0.2 

64 

2 

55 

Human serum 

0.2 

60 

0 

0 

Histamine (0.000027 mgm./cc.) 

0.2 

60 

3i 

72 


(2) Second ear perfused with calcium-free Ringer’s solution for 30 minutes. Perfusion 

pressure 40/24 mm. Hg 


Human serum 

0.2 

44 

2h 

47 

Burned dog plasma 

0.2 

44 

4 } 

56 

Dog plasma from hemorrhagic shock 

0.2 

48 

6 

77 

Histamine (0.000027 mgm./cc.) 

0.2 

60 

6 

33 

Human serum 

0.2 

52 

2f 

51 


(3) Ear perfused with plasma from burned dog (0.25 cc. plasma/cc. calcium-free Ringer’s 
solution). Perfusion pressure 64/46 mm. Hg 


Burned dog plasma 

0.2 

44 

3 

55 

Burned dog plasma 

0.2 

44 

21 

59 

Burned dog plasma 

0.2 

40 

2 * 

— 

Burned dog plasma 

0.2 

36 

2 

— 

Burned dog plasma 

0.2 

36 

1 

* 

Burned dog plasma 

0.2 

36 

1 

27 

Burned dog plasma 

0.2 

36 

1 

22 

Burned dog plasma 

0.2 

44 

0 

0 

Human serum 

0.2 

36 

3 

46 

Dog plasma from hemorrhagic shock 

0.2 

40 

0 

0 

Histamine (0.000027 mgm./cc.) 

0.2 

40 

a 

59 

Burned dog plasma 

0.2 

36 

A 

4 

11 

Dog plasma from hemorrhagic shock 

0.2 

36 

0 

0 

Human serum 

0.2 

36 

2 

31 


* Given in rapid succession 
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caused vasoconstriction. These results suggest that the vasoconstrictors in 
dog and human hypertensives are similar but differ from those in burned or bled 
dog’s plasma. 


TABLE 5 

Development of refractoriness (o plassna of hypertensive patients and the relationship to the 
vasoconstrictor response to plasma of burned dogs and dogs with hemorrhagic shock 


SUBSTANCE INJECTED 


AMOUNT 


DROP RATE 
PER MINUTE 


VASOCONSTRICTION IN 
rabbit's EAR 


Reduction of Per cent 
drop rate reduction of flow 


(1) Ear perfused with calcium-free Ringer’s solution for 15 minutes 



cc. ! 


minutes 


Burned dog’s plasma 

0.2 

60 

3 i 

57 


(2) Ear perfused with hypertensive dog’s plasma (diluted 25 per cent with calcium-free 
Ringer’s solution). Perfusion pressure 40/20 mm. Hg 


Human hypertensive’s plasma 

0.2 

13 

4 

35 

Human hypertensive’s plasma 

0.2 

17 

1 

24 

Human hypertensive’s plasma 

0.2 

17 

1 

17 

Human hypertensive's plasma 

0.2 

15 

2 

50 

Hypertensive dog’s plasma (another 
dog) 

0.2 

13 

n 

23 

Hypertensive dog’s plasma 

0.2 

15 

n 

28 

Hypertensive dog’s plasma 

0.2 

15 

X 

4 

12 

Human hypertensive’s plasma 

0.2 

15 

0 

0 1 

Burned dog’s plasma 

0.2 

15 

6+ 

100 

Hypertensive dog’s plasma 

0.2 

13 

0 

0 

Human hypertensive’s plasma 

0.2 

15 

0 

0 

Burned dog’s plasma 

0.2 

17 

7 

72 

Hypertensive dog’s plasma 

0.2 

13 

0 

0 

Plasma from dog in hemorrhagic shock 

0.2 

13 

3b 

45 


(3) Ear perfused with normal dog’s plasma (9 parts) plus burned dog’s plasma (1 part) 
2 hours after last injection. Perfusion pressure 48/24 mm. Hg 


Burned dog’s plasma 

0.2 

13 

5 

Burned dog’s plasma 

0.2 

11 

5 

Burned dog’s plasma 

0.2 

13 

1 

Hypertensive dog’s plasma 

0.2 

11 

5 

Tiurned dog’s plasma 

0.2 

13 

0 

Hypertensive dog’s plasma 

0.2 

13 

4 

Pnrnprl floe’s olasma 

0.2 

13 

{ 


0.2 

13 

3 b 



6. Use of the inleslinal strip method. Because of some uncertainty in the 
method just, described, it seemed desirable to obtain confirmatory evidence using 
another method. The isolated rabbit’s intestinal ring preparation was selected. 
Rings from 2 to 3 cm. in length were cut from the small intestine and kept 
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in Ringer’s solution in the ice box until ready for use. The temperature of the 
30 cc. cups were thermostatically controlled to within 0.1°C. Glucose contain- 
ing, but calcium-free Ringer’s solution, was used as the bathing medium. When 
a stable rhythm was established the test substance was added in 1 cc. doses. 

The addition of dog or human serum causes sharp contraction of the gut 
while citrated plasma causes none in the doses employed. Citrated plasma 
from blood of burned dogs or dogs subjected to tourniquet shock caused no 
contraction. The same plasma had been tested on the perfused rabbit’s ear 
and shown to cause marked vasoconstriction. These experiments, of which 9 
were done, show that the vasoconstrictor in serum differs from that in plasma 
from burned and shocked animals. 

Discussion. The purpose of this investigation was to learn more about the 
mechanism by which vasoconstriction was induced when animals were in 
secondary shock, whether from tissue injury, hemorrhage or burns. It is ap- 
parent that plasma from animals in, or approaching shock produced by several 
methods, acquires vasoconstrictor properties as measured in the isolated perfused 
rabbit’s ear. 

The chemical nature of the vasoconstrictor is not known. Since it causes 
vasoconstriction when the ear is perfused with Ringer’s solution it is unlikely 
that -it is identical with the vasoconstrictor which occurs in experimental or 
clinical renal hypertension. It is probably ultra-filtrable and hence it might 
be assumed to be a crystalloid of not excessively high molecular weight. It is 
also not markedly heat-labile. 

These properties are not unlike those of the vasoconstrictor substance which 
results when normal blood coagulates (4-6). The serum formed causes much 
greater vasoconstriction in the rabbit’s ear than does the plasma. 1 Furthermore, 
vasoconstriction occurs when Ringer’s solution is the perfusing medium, thus 
differentiating it from the vasoconstrictor of hypertensives whose action is 
dependent upon the presence of plasma or blood. The vasoconstrictor of serum 
can also be separated by ultra-filtration (5), an observation which we can 
confirm. 

It is possible that the vasoconstrictor which occurs in shock, and that occurring 
when blood coagulates, are similar. In view of the widespread tissue destruc- 
tion which occurs in bums, after application of tourniquets and after stripping 
of the intestine, it would not be surprising that chemical changes associated with 
coagulation might be initiated. 

Another possibility should be considered; namely, that the vasoconstrictor 
is histamine. It is recognized that histamine can cause vasoconstriction in the 
vessels of the ears of intact rabbits (7, 8, 9) and we have found it to act similarly 
in the perfused ears under the conditions of our experiments. 

Neither of these hypotheses receives any support from the experiments in 

1 In a previous paper results were published which suggested that plasma and serum 
were equal in vasoconstrictor properties'. This was an unfortunate mistake because many 
results both before and after showed the contrary, as, indeed, did the results in the liter- 
ature. Dr. Eugene Landis was good enough to call our attention to this error. 
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which refractoriness was used as a method to i den thy a particular vasocon- 
strictor. This is an interesting method but one which has not as yet been in- 
tensively studied to ascertain its mechanism. It appears to depend on the 
fatiguing of certain elements in the vascular musculature by repeated injection 
of, and perfusion with, a particular plasma or serum. When the vessels no 
longer respond by vasoconstriction, the plasma or serum with which it is to be 
compared is injected. When no response occurs, it is taken as evidence in 
favor of similarity to the fatigue inducing plasma or serum. Sharp vasocon- 
striction, on the contrary, suggests dissimilarity. 

It is worth disgressing to point out that the development of refractoriness 
occurs at unusually different rates. Some ears continue to respond by vaso- 
constriction while perfusing with the fatigue-producing serum or plasma and 
after the injection of 60 or more samples of serum, while in a rare one refractori- 
ness is elicited after several injections. The latter experiments seem to be the 
ones suited to demonstrate the similarity or dissimilarity of vasoconstrictors. 

The importance of the method is greatly weakened by the fact that only 
certain ears cease to respond to the repeated stimulus readily and we have been 
unable to determine why this is so. It is thus not an easily reproducible phe- 
nomenon and correspondingly cannot be given as much weight as we might like. 
Nevertheless, when refractoriness develops, the results are so clear the}" can 
hardly be doubted. These reservations must be kept clearly in mind in the 
interpretation of the results pertaining to the dissimilarity of the vasocon- 
strictors in serum and shock plasma. 

Whether this method gives proof of identity seems uncertain. It is con- 
ceivable that the vasoconstrictor could be the same but the quality or quantity 
of another substance present in plasma could so modify the vasoconstrictor 
action as to give misleading conclusions. Several years ago we showed (10) 
that in the perfused ear, plasma or blood was necessary for angiotonin to exert 
its full vasoconstrictor action. We postulated the presence of an “angiotonin- 
activator” in blood. This substance might have a potent orienting influence 
on the vasoconstrictor. It seems more ‘reasonable, however, to assume that 
vasoconstriction can be elicited by a variety of mechanisms one or more of which 
may be fatigued by repeated stimuli. The fatigue of one does not preclude 
vasoconstriction occurring as a result of the action of another. It is this type 
of mechanism with which we appear to be dealing in these experiments. 

The results of application of the method leave little doubt that, plasma from 
traumatized, bled and burned dogs contain similar vasoconstrictors which 
differ from that formed when blood coagulates. Both of these differ from that 
present in the plasma of chronic hypertensives. Furthermore, histamine differs 
from all of them. The only question is whether this method is a valid one. 

Some support is offered by the work on intestinal strips. These respond 
regularly by severe contraction to serum but plasma causes little or none. 
Histamine also causes contraction. But plasma from burned or shocked ani- 
mals does not cause any more contraction than plasma of normal dogs. The 
same plasma which elicited sharp constriction in the rabbit’s ear was inactive 

on intestine. 
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Neither the kidneys nor the adrenal glands seem necessary for the formation 
of the vasoconstrictor for it occurs in their absence when shock is produced b.y 
hemorrhage and tourniquets. Nephrectomy, renal denervation, and low 
spinal cord destruction do not prevent its appearance in tourniquet shock. 
It seems not unreasonable to suppose that the occurrence of a vasoconstrictor 
arising in shock is associated with anoxia of the tissues, since this is at least 
one of the factors common to shock produced by these different methods. 

It is of great interest that Sapirstein, Ogden and Southard (11, 12) have 
presented evidence that hemorrhage causes the renin content of the blood to 
increase; possibly as a “homeostatic” effort on the part of the body to restore 
blood pressure to normal levels. Hamilton and Collins (13) have shown that 
hemorrhage imparts pressor activity to blood as tested on nephrectomized dogs. 
This occurs in normal and adrenalectomized animals as well as in those with the 
kidne 3 r s denervated. The type of pressor response was suggestive of the 
presence of both renin and angiotonin. The kidneys were the source of these 
substances because 1, renal vein blood usually gave greater responses than the 
corresponding arterial blood, and 2, pressor reactions were obtained from the 
blood of adrenalectomized dogs, but not from dogs with both kidneys and 
adrenal glands removed. Huidobro and Braun-Menendez (14) also found renin 
liberated by hemorrhage in intact anesthetized dogs. Renin could be detected 
in the systemic blood of these dogs but not in nephrectomized animals after 
hemorrhage. 

These results, in conjunction with our own, suggest that at least two sub- 
stances are involved in hemorrhagic shock, one from the kidneys having pressor 
qualities and the other from elsewhere in the bod 3 r having vasoconstrictor 
properties. 

Summary. 1. Shock has been produced in dogs b 3 r means of a, tourniquets 
placed around the hind extremities; b, stripping and exposure of the intestines; 
c, hemorrhage; d, bums. 

2. Vasoconstrictor properties develop in the blood of such animals which 
can be demonstrated by perfusing samples of citrated plasma through isolated 
perfused rabbits’ ears. Vasoconstriction results regardless of whether the ears 
are being perfused with calcium-free Ringer’s solution or b 3 r citrated plasma 
from normal dogs. 

3. Renal denervation, nephrectony, adrenalectom 3 r and low spinal destruc- 
tion do not prevent the appearance of vasoconstrictor after tourniquet shock. 
Nor does nephrectomy and adrenalectony prevent it after hemorrhage. 

4. Refractoriness to the vasoconstrictor action of sera and plasma ma 3 r be 
produced ly perfusion with, and repeated injections of them. Once established, 
the vessels of the rabbit’s ear still respond to plasma of different origin. This 
method has been used to ascertain similarity or dissimilarity among the various 
plasma and sera containing vasoconstrictors. 

5. Refractoriness to serum does not abolish the vasoconstrictor action of 
plasma from burned, bled or shocked dogs, or to histamine. Refractoriness 
to plasma from burned dogs does not abolish the vasoconstrictor action of serum 
or histamine but does do so to plasma from bled or hypertensive dogs. Re- 
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fractoriness to hypertensive’s plasma does not abolish the vasoconstrictor 
action of burned or bled dog’s plasma. 

6. Rabbits’ isolated intestinal rings contract powerfully when serum is added 
to calcium-free. Ringer’s solution bathing them. Normal citrated plasma 
and plasma from burned or shocked dogs causes no contraction in dilutions of 1 
to 30. 


CONCLUSIONS 

Shock, whether elicited by tourniquets placed around the extremities, strip- 
ping and exposing the intestines, hemorrhage and bums, is associated with the 
appearance in the plasma of a substance which causes vasoconstriction in rab- 
bits’ ears perfused with either calcium-free Ringer’s solution or plasma. It 
does not originate in the kidneys, adrenal glands, nor does destruction of the 
spinal cord or renal denervation prevent its appearance. Evidence gathered 
from application of a method depending on “fatiguing” the vascular musculature 
suggests, if the validity of the method is acceptable, that the vasoconstrictor 
action of plasma from burned, bled and shocked dogs is caused by identical or 
very similar substances. Furthermore, it differs from the vasoconstrictors 
present in hypertensive’s (human and canine) plasma and in serum (human and 
canine). None of these vasoconstrictors seem to be histamine. This belief is 
confirmed by experiments on isolated intestine which show that serum causes 
marked contraction while plasma from burned or shocked dogs causes none. 

I am grateful to Mr. John Tilden for his skilled technical assistance. 
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In an earlier report a method for measuring the work performance of rats under 
conditions of anoxia was described in detail (1). This method consisted, es- 
sentially, of exercising rats to the endpoint of exhaustion in circular, motor 
driven cages in an atmosphere of G.8 per cent oxygen (52 mm. Hg partial pres- 
sure). 

The development of polycythemia in animals and humans living at high 
altitude has long been regarded as an important factor in successful adaptation 
to such an environment. Recent studies indicated that administration of co- 
baltous ion in small doses induced polycythemia (2, 3, 4, 5, 6). It seemed worth- 
while, therefore, to determine if the polycythemia induced by cobalt administra- 
tion facilitated work performance under conditions of reduced oxygen tension. 

Methods. In these experiments, male rats of the McCollum strain were 
maintained on a constant synthetic diet which contained adequate quantities of 
minerals and vitamins. The method of conducting work performance tests 
under conditions of reduced oxygen tension has been described (1). After a 
suitable training period ten animals were selected on the basis of reproducibility 
of performance. Cobalt (COCL • 6H 2 0) was given in the drinking water to five 
of these animals. The dose of cobalt was so adjusted that each cubic centimeter 
of drinking water contained 100 gamma of cobaltous ions. Cobalt administra- 
tion was continued by this method for fourteen weeks, except for a period from 
the second to fourth weeks during which 0.6 mgm. of cobaltous ions in 0.1 cc. of 
normal saline was injected subcutaneous^ daily. During this period, tap water 
was substituted for the cobalt solution. The remaining five animals drank tap 
water during the entire experiment and were used as controls. 

Measurements of work performance, in an atmosphere consisting of 6.8 per 
cent oxygen (52 mm. Hg partial pressure) and 93.2 per cent nitrogen, were made 
at appropriate intervals during the period of cobalt administration and for six 

1 The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and Develop- 
ment and the Harvard University. The pathologic studies have been aided by a grant to 
the Department of Pathology from the Josiah Macy Jr. Foundation. 

- Department of Physiology, Albany Medical School. Doctor Dorrance died January 14, 
1943, in the service of his country. 

3 Department of Medicine, Harvard Medical School and the Peter Bent Brigham Hos- 
pital, Boston. 

4 Department of Pathology, Harvard Medical School and The Children’s Hospital, 
Boston. 
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weeks after cobalt was discontinued. In these experiments it was found ad- 
vantageous to observe the animals during work performance tests for five min- 
utes after they appeared exhausted, rather than for two minutes as suggested in 
an earlier report (1). The five trained animals which were used as controls for 
the work experiments were always tested at the same time as the cobalt treated 
animals. 

Two additional groups of nine animals each were used as controls. One 
group received cobalt without work performance tests. Cobalt treatment in 
this group differed slightly from that in the work performance test group in that 
oral administration was used exclusively except during the first week. The re- 
maining group received neither cobalt nor work perfonnance tests. 

Hemoglobin was determined as acid hematin by means of a photoelectric 
colorimeter. Blood specimens for these determinations were obtained from the 
cut surface of the tip of the tail. 

Complete autopsies were performed on all animals. The two groups of ani- 
mals which underwent work performance tests were sacrificed six weeks follow- 


TABLE 1 

Effect of cobalt treatment on hemoglobin values of rats 


GROUP 


Work performance test (anoxia) plus cobalt (5 

animals) 

Work performance test (anoxia) alone (5 animals). 

Cobalt alone (9 animals) 

Controls (9 animals) 


DURATION OF COBALT TREATMENT 


2 weeks 

6 weeks 

8 weeks 

11 weeks 

14 weeks 

10.9 

20.4 

21.3 

20.9 

21.6 


16.3 

14.8 

15.8 

15.5 

mU 

16.8 

19.1 

20.5 


ESI 

15.4 

15.6 

15.8 



ing withdrawal of cobalt. The animals which did not participate in work per- 
formance studies were sacrificed immediately following eleven weeks of cobalt, 
at a time when their hemoglobin response was at its maximum. 

Observations. Effect of cobalt on hemoglobin values. As indicated by earlier 
workers, administration of cobalt to normal rats was followed by a striking 
polycythemia (table 1). After five to six weeks of cobalt the hemoglobin of the 
five treated animals (work performance test group) rose from an average initial 
value of 15.6 grams per 100 cc. of blood to 20.4 grams per 100 cc. of blood. Dur- 
ing this period there was no significant change in the hemoglobin value of control 
rats (work performance test group). In the group of nine animals treated with 
cobalt but not given work perfonnance tests, hemoglobin values rose from an 
average level of 16.7 grams to 19.1 grams after eight weeks of cobalt (table 1). It 
is probable that the longer period of cobalt administered by the parenteral route 
in the work performance test group was responsible for the more rapid develop- 
ment of polycythemia in this group of animals. Both groups of animals, how- 
ever, ultimately attained the same hemoglobin levels at the end of eleven weeks of 
treatment. 
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Polycythemia persisted as long as cobalt was continued in all of the animals 
except one. This animal’s hemoglobin value fell to 13.8 grams during the 
eleventh week of cobalt treatment after having attained the high value of 19.0 
grams during the eighth week. 

Following cessation of cobalt, the polycythemia gradually subsided. A group 
of five rats with average hemoglobin values of 21.6 grams per 100 cc. at the end of 
fourteen weeks of cobalt administration showed average hemoglobin values of 
18.1 grams three weeks after cobalt was discontinued (table 2). 

Effect of cobalt on body weight. During fourteen weeks of cobalt administration 
the five work performance test animals gained an average of 82 grams, whereas the 
five work performance test animals which did not receive cobalt gained an aver- 
age of 117 grams. Following cessation of cobalt treatment, the work performance 
test group displayed an accelerated rate of weight gain winch enabled them within 
a period of six weeks to equal the controls in w r eight. No alteration in the rate of 


TABLE 2 

Changes in hemoglobin values following withdrawal of cobalt 


ANIMAL 

AT END OF 

14 WEEKS OF COBALT 
TREATMENT 

FOLLOWING WITHDRAWAL OF COBALT TREATMENT 

1 week 

2 weeks 

3 weeks 

l 

23.0 

22.2 

22.0 

20.4 

2 

23.5 

21.6 

18.8 

18.0 

3 

22.0 

20.2 

15.0 

18.6 

4 

20.6 

20.0 

17.5 

18.6 

5 

19.0 

19.0 

1 

18.9 

14.9 

Mean 

21.6 

20.6 

18.4 

18.1 


growth was observed between the cobalt treated controls (not given work per- 
formance test) and the totally untreated group. These data indicate that with 
this dose of cobalt, retardation in growth did not occur unless an added stress 
(work performance test in anoxia) was present. Treatment with larger doses of 
cobalt alone or exposure for longer periods to anoxia alone retarded growth. 

Effect of cobalt on work performance under conditions of anoxia. On two suc- 
cessive tests of base-line performance five animals selected for cobalt treatment 
averaged 11.3 and 12.2 minutes respective^, and the control animals averaged 
9.2 and 11.0 minutes respectively (chart 1). 

During the first four weeks of cobalt treatment the w r ork performance of both 
cobalt treated and control animals decreased (chart 1). Coincident with the 
appearance of increased hemoglobin values (fifth to sixth week) work perform- 
ance of the cobalt treated animals improved, reaching a maximum of 17.3 min- 
utes during the seventh week of cobalt. This improvement in work perform- 
ance of the group resulted from an increase in work performance of three of the 
five animals tested. Continuation of cobalt administration thereafter failed to 
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induce further improvement. In contrast, the control animals failed to exceed 
their base-line performances at anj r time during this fourteen-week period. 

Shortly after cessation of cobalt treatment there was a striking increase in the 
work performance of all of the polycythemic rats. Measurements made during 
the first week after withdrawal of cobalt showed an average performance of 23.6 
minutes, an improvement of 100 per cent over the mean base-line values. Dur- 
ing this period the control animals showed no significant change in work per- 
formance. 

The increased ability of the cobalt treated animals to perform work under con- 
ditions of anoxia did not appear to depend on cardiac hypertrophy since the heart 
weight in the two groups of animals was almost identical, i.e., 300 mgm./lOO 
grams of animal in the cobalt treated group ; 297 mgm./lOO grams of animal in the 



Cobalt Therapy H Time in Weeks 

Chart 1. Effect of cobalt therapy on work performance and hemoglobin values of rats. 

untreated control group. No significant difference in thymus weight was ob- 
served in the two groups of animals, i.e., 66 mgm./lOO grams of animal in the co- 
balt treated group ; 62.7 mgm./lOO grams of animal in the control. There did ap- 
pear to be a slight reduction in the weight of the adrenal glands in the cobalt 
treated animals, i.e., adrenal weight was 9.9 mgm./lOO grams of animal in the 
cobalt treated group ; 11.5 mgm./lOO grams of animal in the control group. The 
cobalt treated group of animals weighed 344 grams (average), the control 351 
grams (average). 

Effect of coball on the hematopoietic system. The nine animals receiving cobalt 
but no work performance tests were autopsied immediately following eleven 
weeks of treatment. The onlj r prominent gross finding was generalized vascular 
congestion of all tissues. There was slight enlargement of the spleen. The 
outstanding microscopic finding in these animals was a widespread increase in 
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erythropoietic activity. This was marked in the spleen (fig. 2), moderate in the 
bone marrow (fig. 4) and slight in the liver. The spleen showed depletion of the 
sheaths of lymphocytes that border the Malpighian corpuscles. In addition to 
these changes there was diffuse congestion of the lungs and kidneys. No evi- 
dences of injuiy, toxic or otherwise, were observed in the heart, liver and kidneys. 
In the control group of animals autopsied at the same time no evidence of ab- 
normal or increased erythropoiesis was encountered (fig. 1 (spleen) and fig. 3 
(bone marrow)). 

All animals of the work performance groups were autopsied six weeks after the 
withdrawal of cobalt from the cobalt treated animals. Those which had received 
cobalt manifested hemosiderosis of the spleen, bone marrow and thymus, which 
may be considered to be indicative of an increase in blood destruction in these 
animals. No evidence of abnormal or increased erythropoesis was present in any 
organs of these animals. The spleens were almost twice as large as those en- 
countered in any other group of rats in this study (fig. 5). Microscopically, this 
enlargement seemed to be due solety to vascular congestion. The Malpighian 
corpuscles were normal. Animals which had been tested for work performance 
under conditions of anoxia but had not undergone cobalt treatment showed no 
pathological differences from the control group not subjected to work performance 
tests. 

Discussion. In these experiments the effect of cobalt in increasing the hemo- 
globin of normal animals was confirmed. The increased erythropoietic activity- 
appeared to be most marked in the spleen, moderate in the bone marrow and 
slight in the liver. This is at variance noth other reports (6, 7) which state that 
the spleen plays no essential role in this phenomenon. It is quite possible that 
this apparent discrepancy in observations may be explained on the basis of differ- 
ences in dosage and duration of treatment. It is of interest to note that in one 
animal, the hematopoietic system was apparently depressed by cobalt after an 
initial stimulation. This inhibition of hematopoiesis resembled that recently 
noted in anemic dogs to whom cobalt had been administered (8). 

Cobalt treated rats performing work under conditions of anoxia failed to gain 
weight as rapidly as control animals. Cobalt treatment alone did not influence 
the rate of growth of rats when the animals were not forced to perform work in an 
atmosphere of reduced oxygen tension. It is possible, therefore, that a latent 
toxicity of the cobalt ion was unmasked when animals treated with cobalt were 
subjected to repeated stress and strain. 

An increase in the work performance in an atmosphere of reduced oxj r gen 
tension occurred in three of five cobalt treated rats, after polycythemia de- 
veloped. When cobalt was withdrawn for a period too short to permit a sig- 
nificant fall in hemoglobin (1 wk.) a marked improvement in work performance of 
all five of the polycythemic animals occurred. It appeared probable, therefore, 
that cobalt influenced work performance favorably by inducing polycythemia, 
and unfavorably by some inhibiting effect. The improved performance achieved 
by animals under cobalt appears to be the resultant of these antagonistic actions. 
The striking increase in size of the spleen in rats subjected both to work per- 





SB 


•ft.xt' S ..fW- V 






l$3 


jjj*SS 


Fig. 5. Spleens from two rats representative of each group. Weights arc given 
recorded after fixation in formalin. 

Top pair: cobalt and work performance tests; 1.01 grams, 1.28 grams. 

Upper mid pair: cobalt only; 0.81 gram; 0.72 gram. 

Lower mid pair: work performance tests only; 0.51 gram, 0.59 gram. 

Bottom pair: normal control; 0.65 gram, 0.57 gram. 
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formance tests and to cobalt treatment is not open to simple interpretation, as the 
experiment included no rats allowed to recover from cobalt treatment without 
work tests. 


CONCLUSIONS 

1. Cobaltous ion in small doses induced erythropoietic activity in the spleen 
and liver and increased eiythropoiesis in the bone marrow of normal rats. Sig- 
nificant increases in hemoglobin value were observed. 

2. Animals so treated were observed to have an increased work performance 
under conditions of anoxia. 

3. Although cobaltous ion in the dosage employed did not retard the growth of 
normal rats, some evidence of an untoward effect associated with its administra- 
tion was indicated by the steady improvement in work performance which was 
noted immediately after withdrawal of cobalt and prior to the fall in hemoglobin 
values. 

4. Enlargement of the spleen, apparently caused by vascular congestion, ap- 
peared in rats which were subjected to work performance tests and cobalt treat- 
ment and which were then allowed to continue six weeks after withdrawal of 
cobalt. 
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A review of the literature indicates that three factors appear to be concerned 
with an increase in size and function of the parathyroid glands. That the glands 
undergo hyperplasia in chronic renal disease has been shown b_y Castleman and 
Mallory (1) on the basis of clinical material. A significant increase in glandular 
volume was demonstrated experimentally following partial nephrectomy in 
rats by Pappenheimer (2). Others have found that hyperparathyroidism, the 
functional counterpart of hyperplasia, exists in human beings with renal insuf- 
ficiency as well as in dogs which have been subjected to experimental partial 
nephrectomy (3). 

The relationship between pregnancy and the parathyroid glands is more 
obscure. It has been stated that hyperparathyroidism is three times more com- 
mon in women and that it occurs with greatest frequency during the child- 
bearing age (4). Evidence for a physiologic increase in parathyroid activity 
during normal gestation is clinical rather than experimental. Several workers 
appear to have demonstrated abnormally large amounts of parathyroid extract 
in the blood of pregnant women during the last trimester (5). Hyperplasia 
and increased vascularity of the glands during pregnancy have also been ob- 
served (6). 

A third factor which is said to influence the size and function of the parathy- 
roid glands is vitamin D. A number of investigators (7) have shown that a de- 
ficiency of this vitamin in chickens leads to a hyperplasia and it has been postu- 
lated that this effect represents a compensatoiy mechanism. It is thought that 
stimulation of the parathyroid apparatus constitutes an effort on the part of the 
organism to elevate the Ca-P levels of the blood, lowered by vitamin D defi- 
ciency. Evidence of increased function in vitamin-D deficient children is pro- 
vided by Hamilton and Schwartz (8). 

There are others, however, who hold to the theory that vitamin D, rather than 
the lack of it, stimulates the parathyroid glands. It is pointed out by these 
workers (9) that the administration of this vitamin helps to alleviate the ill 
effects of parathyroidectomy. Grant and Gates (10) found that the exposure of 
rabbits to ultraviolet light consistently caused a hyperplasia of the parathyroid 
glands, amounting in some instances to more than half the normal weight. 

Experiment. In order to determine the relative effects of renal injury, vita- 
min D and pregnancy upon the size of the parathyroid glands, 6 groups of rats 

were used. . 

The group of normal controls consisted of 9 littermates of the rats which 
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formed the second, or partially nephrectomized, group. The method of reducing 
substantially the amount of functioning renal tissue in the latter group was the 
same as described in a previous experiment (11). The left kidney was removed 
under ether anesthesia when the animal weighed from 60 to 80 grams. In a 
second operation, following the first by approximately one week, the upper half 
of the right kidney was ligated. 

A third group of rats was fed an average of 100,000 1.U. of irradiated ergosterol 
over a period of 27 days prior to autopsy. This was in addition to their balanced 
basal ration. The same excessive amount of vitamin D was given to paired 
littermates of this group, the members of which were previously subjected to par- 
tial nephrectomy. This fourth group was set up to evaluate the effect of summa- 
tion of vitamin D and nephrectomy in the same animal. 

A fifth group of 10 female rats were made pregnant and autopsied within the 
last 2 or 3 days of gestation. Ten paired littermates of group 5 were similarly 


TABLE 1 

Volume, of parathyroids, summary of statistical data - 


GROUPS 

NUMBER IN GROUP 

MEAN VOLUME 

X iov 

STANDARD DEVIATION 
OP MEAN X 10V* 

Untreated control 

9 

114 

10.6 

Nephrectomy 

9 

302 

48.6 

Vitamin D 

7 

151 

18 

Vitamin D with nephrectomy 

7 

390 

92.8 

Pregnancy 

10 

161 

12.8 

Pregnancy with nephrectomy 

10 

259 

25.8 



The usual statistical formulae were used throughout; in obtaining standard deviations, 
the correction ( n — 2) was used for groups of ten members, and (n — 3) for groups with 
less than ten members. 


autopsied during the last days of pregnancy, the onset of which followed partial 
nephrectomy. Again, this dual procedure was employed to determine the com- 
bined effects of the 2 factors, pregnancy and renal injury. 

The rats of all 6 groups were killed by exsanguination. 1 The parathyroids 
with attached thyroid tissue were removed, fixed in Bouin’s solution, sectioned 
serially at 6 y. and stained with hematoxylin and eosin. 

The volume of the parathyroids was determined by the method described 
by Meredith (12), whereby interval sections from the glands were projected at a 
uniform magnification. The areas of projection were determined by means of 
planimeter and curves drawn for each organ using the serial position of the sec- 
tion as measured in micra as the abscissa and the area of projection of that 
section as the ordinate. A smooth curve was drawn connecting these points 
and the area under the curve, measured by means of planimeter. From this 
figure, an index of the total volume of parathyroid tissue was easily derived. 

Results. A summary of the statistical data (table 1) reveals the largest 
standard deviations within those groups of rats which were subjected either to 

1 Variations in weight and age at autopsy were kept within a very narrow range. 
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nephrectomy alone, or to nephrectomy in conjunction with some other treat- 
ment. This increased intra-group variation is probably related to an accidental 
difference in the quantitative reduction of functional renal substance. Pappen- 
heimer and Wilens (13) in their studies of 21 cases of chronic renal disease found 
an increase in the weight of the parathyroids roughly proportional to the Severity 
and extent of the renal lesions and to the degree of clinical insufficiency. In this 
experiment, ligation of the second kidney was designed to produce comparable 
increased reductions of renal substance. That this procedure could not obtain 
identical degrees of damage in a series of animals was expected. 

In lines a, b and c of table 2 a comparison is made between groups which differ 
onlj'- in respect to nephrectomy. In each instance the volume of the parathy- 
roids is greater in the nephrectomized group. This excess amounts to 165 per 
cent in the series not otherwise treated, 158 per cent in the vitamin D treated 


TABLE 2 

Comparisons between groups 


COMPARISON 

DIFFERENCE 

xiov 

S.D OF DIFFERENCE 

X 10V 

CRITICAL RATIO 

a. Nephrectomy minus control 

18S 

49.7 

3.78 

b. Vit. D & nephr. minus vit. D 

239 

94.5 

2.53 

c. Preg. & nephr. minus preg 

98 

28.8 

3.40 ’ 

d. Preg. minus control 

47 

16.6 

2.83 

e. Vit. D minus control 

37 

20.9 

1.77 

f. Vit. D & nephr. minus nephr 

88 

104.6 

0.84 

g. Nephr. minus preg. & nephr 

43 

55 

0.78 


rats, and 61 per cent in the pregnant animals. These differences have a critical 
ratio over three in the untreated and pregnant series, and are therefore statisti- 
cally highly significant. The critical ratio of 2.53 in the vitamin D treated series 
indicates that the difference is fairly significant. 

The difference between the untreated control group, and the other groups 
subjected to nephrectomy, pregnancy or hypervitaminosis~D above is brought 
out in lines a, d and e. Line a has already been discussed. Differences between 
animals which were not littermates but which were of comparable age and weight 
at autopsy are presented in lines d and e. 

The volume of the parathyroids in the pregnant group exceeds that in the 
control group by 40.5 per cent. This difference is fairly significant. The glan- 
dular volume of the hypervitaminotic group exceeds that of the control group 
by 31.5 per cent but the difference is not very significant since the critical ratio 
falls below 2.0. 

Tabulation of the difference among the nephrectomized groups in lines f and g 
reveals that the nephrectomized group lies midway between the pregnant- 
nephrectomized group and the vitamin D -nephrectomized group, but does not 
differ from either to a statistically reliable degree. The smallest volume is 
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found in the pregnant-nephrectomized rats which gives a value 14.2 per cent 
less than that for the nephrectomized animals. The nephrectomized group is 
exceeded by 29.3 per cent by the vitamin D-nephrectomized group. 

As it is reasonable to assume that glandular and body weight are correlated, 
the tendency for nephrectomized rats to weigh 20 to 30 grams less than their 
non-nephrectomized littermates might serve to decrease slightly the volume of 
the parathyroids in the former. This would, if apything, further enhance the 
significance of the tabulated results. 

SUMMARY AND CONCLUSIONS 

/ 

The significance of the three factors to which hyperplasia of the parathyroid 
glands is ascribed in the literature was tested experimentally in 52 rats, divided 
into 6 groups. The groups were subjected to no treatment, partial nephrec- 
tomy, hypervitaminosis-D, pregnancy, nephrectomy and hypervitaminosis-D, 
and nephrectomy and pregnancy, respectively. 

Partial nephrectomy was associated with a statistically reliable increase in 
parathyroid volume in rats not otherwise treated as well as in groups which 
were also made hypervitaminotic or pregnant. 

Pregnancy alone was associated with a fairly significant increase in paratlty- 
roid volume. 

Hypervitaminosis-D alone in rats was associated with a statistically unreliable 
increase in parathyroid volume. 

Within the nephrectomized groups, there was no significant difference between 
the group not otherwise treated and either that given vitamin D or made 
pregnant. 

A summation effect of two factors, renal damage and pregnancy, each capable 
of producing hyperplasia of the parathyroids, was not apparent. 
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Previous studies have shown that the electrical activity of the cortex may be 
modified by stimulation of the thalamus and some parte of the basal ganglia. 
Although the suggestion (Grinker and Serota, 1938) has been made that hypo- 
thalamic activity may also affect the cortex, incidental observations during the 
course of experiments directed primarily at the thalamus (Morison, Dempsey and 
Morison, 1941 ; and Morison and Dempsey, 1942) failed to demonstrate such a 
relation. 

In the latter studies, exploration was carried out with single shock or relatively 
low frequency stimulation, anesthesia was relatively deep, and the effect on 
cortical areas presumed to have most intimate relation to the hypothalamus, 
notably gg. cinguli and proreus, was not investigated. 

The present study was therefore carried out with the appropriate modification 
of the above details in the hope of establishing a more precise relationship between 
hypothalamus and the electrocorticogram. This objective was not achieved, but 
incidental information of some interest was collected. 

Methods. Cats anesthetized with nembutal were used. Ordinarily the level 
of anesthesia was such as to just abolish spontaneous movement, small additional 
amounts being added intravenously as necessary. 

Records were taken from various cortical regions by means of small silver bi- 
polar electrodes connected through 5 push-pull stage, condenser-coupled ampli- 
fiers to a multi-channel Grass ink -writer. Ordinarily the electrodes were placed 
upon the arm sensory area, the auditory area, the middle suprasylvian gyrus and 
in eight experiments the medial surfaces of gg. proreus and cinguli, appropriate 
removals of the opposite hemisphere being made to allow access to the latter two 
regions. In other experiments contralateral cortical regions were studied. 

Arrangements for orienting the exploring electrodes and supplying stimulating 
pulses to them were similar to those used in preceding studies (Morison and 
Dempsey, 1942). At autopsy the brain was fixed in formalin for later identifica- 
tion of stimulating points by gross or frozen microscopic section. 

Results. 1. Responses to single shocks. The results of single shock activa- 
tion of the hypothalamus may be dismissed in a word. They were essentially 
negative. Occasional secondary responses (Forbes and B. R. Morison, 1939) 
were encountered from the dorsal hypothalamus as described by Morison, Demp- 
sey and Morison (1941), but the anesthesia was not ordinarily deep enough to 
favor their appearance routinely. The exposure of the gyri cinguli and proreus 
carried out in these experiments allowed these regions to be added to the now 
complete list of neo-cortical areas which exhibit this phenomenon. 
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The primary response recorded from proreus in a small number of cases by 
Morison and Dempsey (1942) was found routinely in these experiments when 
stimulating electrodes were in the anterior nuclear mass or anterior thalamic 
peduncle. 

Effects on g. proreus from stimulation of mammillary bodies or the bundle of 
Vieq d’Azyr or on cinguli via the more complex path suggested by Le Gros Clark 
(1938) were not encountered. 


2. Responses to repetitive stimulation. No effects which could unequivocally 
be attributed to stimulation of hypothalamic nuclei were seen. Two effects, one 



Fig. 1. Suppression of burst activity with increase of “projection” activity on anterior 
sigmoid gyrus, and 3 per sec. activity on anterior marginal. Note slow disappearance of 
effect after cessation of stimulation. 

Upper tracing: anterior sigmoid gyrus; middle: anterior part of marginal gyrus; lower: 
middle suprasylvian. Arrows indicate the beginning and end of stimulation of the anterior 
part of the thalamic fasciculus of Forel, at 60 per second. Twenty-five seconds removed 
between A and B. 

This and the succeeding records were taken at a paper speed of 15 mm. per second and 
reduced one half. 

a generalized inhibition of the intermittent 6-10 cycle bursts normally character- 
istic of the nembutalized cat (figs. 1, 2 and 3), and the other a slow building up of 
2-3 per sec. activity (figs. 2 and 4) were produced when the stimulating electrodes 
were in the hypothalamus, especially its more dorsal parts, but the excitable 
region extended laterally through the subthalamus, substantia nigra, etc., and at 
rostral levels even into the region of the amygdala and pallidum. As has already 
been shown (Dempsey and Morison, 1943), inhibition of the bursts, in nowise 
different from that under discussion, may also be obtained from the thalamus and 
was routinely present in these experiments. Equally good and in several in- 
stances more intense effects were encountered ventral to the thalamus in regions 
which failed to jield other responses t 3 r pical of thalamic stimulation, but the wide 
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distribution laterally and rostro-caudally, i.e., from in front of the anterior to 
behind the posterior commissures, makes it unlikely that either the inhibition or 
the build up of slow activity belongs specifically to either thalamus or hypo- 
thalamus. 

Distribution of points giving rise to the build up of slow wave activity was 
similar to that giving inhibition except that the thalamus was not importantly 
represented. The points therefore have a distribution similar to, though some- 
what wider than, that found by Morison, Dempsey and Morison (1941) for 
those involved in the “secondary response.” 

Inhibition was best obtained at stimulus frequencies between 60 and 120 per 
second, but in favorable instances has been seen at frequencies as low as 15 and 




■as 

■BBS 






Fig. 2. Complete suppression of burst activity with gradual build up of 3 per second 
activity on anterior suprasylvian gyrus (lower tracing) and similar though slighter activity 
appearing as a rebound on the anterior sigmoid (upper tracing). Six seconds removed 
between A and B. The abnormal activity gradually declined over the succeeding 25 seconds 
until C the first completely normal burst on an essentially flat background appeared. 

Stimulation at 60 per sec. in the region of fields of Forel at the level of the mammillary 
bodies. 


as high as 600 per sec. For complete abolition of the bursts intensities about 
2 to 4 times those necessary for producing the thalamic primary response (Demp- 
sey and Morison, 1943) were usually required. In routine exploration therefore 
a frequency of 60 per sec. and an intensity approximating three times that of the 
threshold for the primary were adopted. The fact that autonomic responses 
such as pupillo -dilatation, cardiac acceleration, and respiratory changes were 
usually nowhere near maximal when the stimulus was applied to the hypothala- 
mus justifies to some extent at least the employment of an intensity which may 
have contributed to the wide distribution of active points encountered. 

Under these conditions, inhibition appeared as an increase in the normal 
interval between bursts and a reduction in their duration, most intense results 
being a complete abolition of this type of activity for stimulating periods of 1-3 
minutes. In somewhat over half the cases the bursts returned either immediately 
or within a few seconds after cessation of stimulation (figs. 1 and 3). 
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In others a longer delay (up to 90 sec.) ensued' The occurrence of such “after 
discharge” of inhibition could not be correlated with the location of the stimula- 
tion point, or the level of anesthesia and only very generally with the intensity, 
frequency, or duration of stimulation. Not all cortical areas were equally de- 
pressed. In general somatic sensorimotor cortex gave the most striking results, 
the middle suprasylvian gyrus the least (fig. 1). In a few instances in which 
activity of both hemispheres was recorded, slight inhibition was found on the side 
opposite to the location of the stimulating electrodes, but this was never at all 
comparable to the homolateral effects. 



Fig. 3. Complete suppression of burst activity on anterior sigmoid (upper tracing) and 
superior sylvian (lower tracing) gyri with lack of effect on response to handclap in the 
latter. Downward arrows indicate beginning and end of stimulation just dorsal to mam- 
millary bodies; upward arrows — handclaps. Ten seconds removed between A and B. 



Fig. 4. Gradual build up of spike and wave formation in posterior sigmoid gyrus from 
stimulation in region of field H 2 of Forel at the level of the anterior border of the mam- 
millary bodies. Stimulation commenced 2 sec. before beginning of record. 


If the existing spontaneous cortical activity consisted of intermittent bursts 
separated by periods of little or no activity, suppression of the bursts resulted in a 
virtually flat record (figs. 2 and 3) which might later give way to a build up of 3 
per second activity (fig. 2, lower tracing). Continuous spontaneous activity of 
the “projection” type (Dempsey and Morison, 1943) was, however, not sup- 
pressed and might even be increased both during stimulation and for some time 
afterwards (fig. 1, upper tracing). The somewhat random spike-like activity, 
similar to the secondary responses and attributable to a non-thalamic system 
(Morison, Dempsey and Morison, 1941), and more continuous slow-wave ac- 
tivity (2-3 per second), either “spontaneously” present in some experiments or 
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induced by stimulation of the areas described above, were -likewise unaffected. 
Indeed stimulation of subthalamic areas often resulted in prolonged inhibition of 
bursts with a gradual superimposition of the 3 per sec. activity (figs. 2 and 4). 

Responses produced by stimulation of a peripheral nerve (cf. Dempsey and 
Morison, 1943) or by a sharp handclap (fig. 4) were readily recorded in the 
presence of prolonged inhibition of bursts. 

The building up of slow-wave activity referred to above was not so routinely 
encountered as the inhibitory phenomena. Very rarely such episodes have oc- 
curred “spontaneously” under the experimental conditions used here, and then 
only during the later stages of an experiment after the possibilities of non-specific 
damage to the cortex may have arisen. 

In slightly over one-half of the present experimental series, prolonged stimula- 
tion in the regions already mentioned gave rise to episodes of slow-wave activity. 
The ease of elicitation was very variable even within a single experiment, and 
long rest periods were necessary in order to ensure repetition of the episodes in any- 
thing like their original form in the course of a series of identical stimuli. Not all 
cortical areas participated simultaneously in every episode, but at one time or 
another every area studied exhibited the phenomena. 

Various patterns were found varying from a slight increase in rather nonde- 
script and irregular slow waves to the definite wave and spike pattern evolved in 
the latter part of figure 4. The abnormalities rarely ceased coincidentally with 
the stimulus, but gradually disappeared over a period of from one to several 
minutes (fig. 2). Occasionally, after several inductions of the effect, normal 
activity failed to reappear at all and the experiment had to be discontinued. 

Some of the most striking instances of the building up of cortical activit} r of low 
frequency were accompanied by increased respiration, and the question arose 
whether the change in the corticogram might be secondary to an alkalosis or other 
disturbance of homeostasis. Forced artificial respiration to an extent far greater 
than that consequent on stimulation failed, however, to induce significant changes 
in the record. 

Perhaps the most conclusive evidence that the cortical changes were a direct 
result of the stimulus was derived from experiments in which the cortical activity 
was registered from both hemispheres. In such cases the abnormal waves usually 
appeared only on the stimulated side. In occasional instances bilateral effects 
were encountered, but these were always less marked on the side opposite to that 
stimulated. 

Discussion. The most plausible deduction that may be made from the dis- 
tribution of points giving rise to inhibition of the cortical bursts is that this ac- 
tivity resides in fiber systems passing through the dorsal hypothalamus and 
subthalamus and regions immediately rostral and caudal thereto and represent 
lemniscal, lenticular, and possibly conjunctival systems on their way to the 
intralaminar nuclei concerned with the production of cortical bursts (Morison 
and Dempsey, 1942; Morison, Finley and Lothrop, 1943). Since stimulation of 
peripheral nerve (Dempsey, Morison and Morison, 1941), or the striatum (Dus- 



INFLUENCE OF BASAL • FOREBRAIN ON ELECTROCORTICOGRAM 


415 


ser de Barenne and McCulloch, 1938), have both been reported as i nhi bitory for 
at least some elements of the electrocorticogram such an interpretation is plausible 
enough. In our hands, at least, stimulation just ventral to the thalamus was or- 
dinarily productive of more striking effects than was activation nearer to the 
origin of the fiber systems (for instance, the pallidum). This, however, may be 
explained by the greater concentration of fibers as they approach their endings in 
the thalamus. 

It is important to emphasize that the inhibition affects the cortical bursts speci- 
fically and leaves the discrete responses evoked by sensory stimulation, the 2-3 
per sec. activity induced by basilar stimulation, and two forms of spontaneous ac- 
tivity completely unmodified (p. 414). Not only does this suggest that the 
inhibition takes place in the thalamus and does not represent a generalized de- 
pression of the cortex, but it supports the general thesis that the electrocortico- 
gram is a complex resultant of activity in relatively discrete systems separable 
morphologically and functionally from one another. 

Little can be said about mechanism's underlying the production of the build-up 
activity. Apparently the thalamus is not importantly involved since the most 
active point was invariably ventral to it. 

Because of the fact that these experiments failed to uncover any influence on 
the electrocorticogram when the stimulating electrodes were deep in the hypo- 
thalamus proper which was not also produced from more dorsal areas which ex- 
tended both laterally and rostroeaudally, it was impossible to confirm Grinker and 
Serota in their view that the hypothalamus is importantly concerned with the 
electrical activity of the cortex. Ablation of the hypothalamus (Dempsey and 
Morison, unpublished), unless so extensive as to involve the blood supply to the 
thalamus, has also failed to suggest such a relation. The sort of change il- 
lustrated by Grinker and Serota as supporting their contention is more easily 
explained as a result of cutting the lemniscus (Cf. Dempsey and Morison, 1943). 

SUMMARY 

1. Single shock stimulation of the hypothalamus failed to produce significant 
changes in the electrical activity of any major cortical area. 

2. Repetitive stimulation (15-600 per sec.) produced two significant effects: 
a, a generalized depression of the intermittent bursts of 5-10 per second fre- 
quency unaccompanied by suppression of various other types of cortical activity 
(figs. 1, 2, 3); 6, a gradual and prolonged building up of slow-wave activity 
(2-3 per sec.). 

3. Active points were found not only in the hypothalamus but in a relatively 
wide area lateral and posterior to it. Effect a but not b was also produced from 
the thalamus especially its medial part. 

4. It appears that the inhibitory effect may be attributed to the activation of 
various fiber systems running through the dorsal hypothalamus to reach the 
areas of the thalamus shown by other studies to be important in controlling the 
intermittent cortical bursts. 
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Gellkom, Cortell and Carlson showed that the excitability of the autonomic 
centers in hypothalamus and medulla oblongata was greatly increased in anoxia 
whereas the reactivity of the somatic centers which was tested by stimulation 
of the same area was diminished. The experiments seemed to indicate a funda- 
mental difference in the excitability of somatic and autonomic centers. The 
present experiments were designed to contribute further material to this problem 
and to include also conditions other than anoxia. They involve in contradistinc- 
tion to our earlier work not direct but reflex stimulation of autonomic and 
somatic centers. Since the main vegetative centers are located in the medulla 
oblongata and adjacent parts of the pons (cf. Lim and collaborators for the 
sympathetic myelencephalic center, and Pitts, Magoun and Ranson for the re- 
spiratory center) it was decided to study the effect of changes in internal en- 
vironment on respiration, blood pressure and a somatic reflex, the linguo-maxil- 
lary reflex (1, 2, 3, 5) whose center is located in the same section of the central 
nervous system. The action of anoxia, asphyxia, hypercapnia and hypogly- 
cemia was investigated. 

Method. The results are based on experiments performed on 48 cats anes- 
thetized with 100 mgm./kgm. chloralose subcutaneously or 40 mgm./kgm. 
pentothal. Some additional experiments were performed on dogs with pento- 
thal-chloralose anesthesia. Preparation of the digastric muscle and recording 
of its contraction was carried out as described by Blier and Kleitman. The 
blood pressure (Hurthle or Hg-manometer) and respiration were recorded in 
the usual manner. The gas mixtures prepared b} r means of flow meters were 
inhaled from Douglas bags. Condenser discharges at the rate of one per second 
were applied to the tongue in order to elicit the linguo-maxillary reflex. The 
blood sugar was determined by the Somogyi modification of the Shaffer-Hartman 
method. 

Results. 1. Hypercapnia. The fundamental difference in the reactivity 
of somatic and autonomic centers at the medullary levels is well illustrated by 
the study of the effects of 7.4 per cent carbon dioxide on blood pressure, respira- 
tion, and linguo-maxillary reflex. Whereas respiration increases and the blood 
pressure rises the linguo-maxillary reflex decreases. The effects were reversible 
and occurred uniformly in 23 animals. 

The elimination of the chemo-receptors by bilateral vagotomy and denervation 
of the carotid sinus area did not change the type of reaction which is illustrated 
in table 2. 

Hyperventilation during which the respiratory minute volume was increased 
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TABLE 1 


Effect of restoring normal blood sugar levels upon the height of contraction of the 
linguo -maxillary reflex in insulin hypoglycemia cats 


NO. 

BLOOD SUGAR LEVEL 
BEFORE GLUCOSE 
INJECTION 

AMOUNT OF GLUCOSE 
INJECTION 

MAXIMAL CHANGE 
IN RESPONSE IN 
PER CENT OF , 

CONTROL LEVEL ! 

TIME ATTER 
INJECTION TO 
MAXIMAL RESPONSE 

BLOOD SUGAR 
LEVEL AFTER 
INJECTION 


m{m. per cent 

cc. 7 per cent 

per cent 

min . 

rngm. per cent 

l 

48.3 

15 

+50 

4 

206 

2 

36.5 

7 

+300 

9 

93.4 

3 

38.2 

25 

+350 

2 

142 

4 

25.8 

10 

+250 

4 

129 

5 

34.4 

10 

+250 

3 

103 

G 

40.8 

10 

+400 

2 

93.5 

7 

59.1 

15 

+250 

2 

221 

8 

37. G 

10 

+50 

3 

137 

9 

47.3 

15 

+100 

3 

144 

10 

19.3 

15 

+400 

3 

108 

11 

16.4 

i 20 

+400 

5 

184 


Effect of elevating blood sugar above normal levels 


1 

104 

15 

No change 


183 

2 

166 

30 

No change 


236 


TABLE 2 

The effect of 7.4 per cent CO« on the linguo-maxillary reflex 


A. Blood sugar normal (no insulin) 


1 

: 

NO. 

DURATION OF 1 
PERIOD OF ! 
INHALATION 
OF 7.4 PER ! 
CENT CO 2 | 

MAXIMAL 
EFFECT IN 
PER CENT OF 
CONTROL 

PERIOD OF 
RECOVERV TO 

75 PER CENT 
CONTROL LEVEL 
AFTER RE- 
MOVAL OF CO 2 


min. 

I 

min. 

1 

10 


3 

2 

8 


3* 

3 

8 


2 

4 

14 


4 

5 

6 

! -100 

3 

6 

10 

-50 

3 

7 

3 

-90 

1 

8 

6 

-60 

3 

9 

10 

-50 

2 


B. Blood sugar reduced by insulin 
Effect of inhalation of 7.4 per cent C0» 
upon the height of contraction of the 
linguo-maxillary reflex in the insulin 
hypoglycemia animal 


NO. 

DURATION 
OF CO 2 
INHALATION 

MAXIMAL 
CHANGE IN 
RESPONSE IN 
PER CENT OF 
CONTROL 
LEVEL 

. PERIOD OF 
RECOVERY 
TO 75 PER 
CENT CON- 
TROL LEVEL 

BLOOD 

SUGAR 

LEVEL 


min. 

per cent 

min. 

mgm. per 
cent 

1 

1? 

mm 

5 

36.5 

2 

2 h 

MSm 

4 

63.4 

3 

2 

BBSS 

3 

25. S 

4 

H 

-100 

8 

25.8 

5 

n 

-100 

7 

34.4 

6 

H 

-75 

2h 

40. S 

7 

3 

-50 

2 

59.1 

8 


-75 

2 

36.7 


approximately 8 times led in 12 experiments on 3 animals to an increase of the 
linguo-maxillary reflex of 300 to 400 per cent. Here again a marked contrast 
existed between vegetative and somatic centers in as much as the excitability 
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of the autonomic centers decreased as indicated by the apnea following the period 
of hyperventilation and by a slight fall in blood pressure. 

2. Anoxia and asphyxia. In 20 experiments in which 6.2 per cent oxygen was 
inhaled it was found in all but 3 that this degree of anoxia resulted either in a 
complete disappearance of the linguo-maxillary reflex or in considerable reduc- 
tions. The effects were reversible in almost all instances within 10 minutes after 
readmission of air. In 3 instances this o.yvgen -nitrogen mixture failed to cause 
a change in the linguo-maxillary reflex. In all experiments an increased re- 
spiratory response and a rise in blood pressure accompanied this decrease of the 
linguo-maxillary reflex. Figure 1 illustrates a typical effect. 




Fig. 1. Effect of 4.5 per cent 0 2 for 2 min. on the lin- 
guo-maxillary reflex of the dog anesthetized with Na- 
amj'tal 40 mgm./kgm. intraperitonealiy and chloralosc 
30 mgm./kgm. intravenously. Recordings from above 
downward: Respiration, blood pressure, linguo-maxil- 
lary reflex. 


* T 



This experiment was repeated in 6 cats in which the carotid sinus area had 
been denervated and the vagi cut in order to determine the role of the chemo- 
receptors. It was found that under these conditions anoxia likewise either 
greatly reduces or completely abolishes the linguo-maxillary reflex. However, 
it was observed that the period of reduced reflex response was preceded by a 
temporary phase during which the reflex was increased. Since it is known from 
the investigations of Gellhorn and Lambert that elimination of the chemorecep- 
tors leads to a fall in blood pressure in response to anoxia instead of the rise seen 
in normal animals it was thought that possibly the reduction in blood flow associ- 
ated with a fall in blood pressure may account for the appearance of a tempo- 
rary increase in the linguo-maxillary reflex response. It was found indeed that 
this reaction of the reflex could be reproduced in normal cats by administering 
6.2 per cent oxygen while both carotid arteries were clamped. 
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Asphyxia induced by clamping of the trachea caused in 4 experiments a com- 
plete or nearly complete disappearance of the linguo-maxillary reflex while re- 
spiratory efforts were greatly increased and the blood pressure rose. 

3. Hypoglycemia. Twelve experiments were performed upon six cats. The 
animals were rendered hypoglycemic by the intramuscular injection of from 4 
to 8 units of insulin per kilogram one to two hours before the beginning of the 
experiment. A venous blood sample was obtained for sugar analysis. From 7 
cc. to 25 cc. of 7 per cent glucose was then injected intravenously. Within from 
2 to 9 minutes after the injection the height of contraction of the reflex increased 
from 50 per cent to 400 per cent above that recorded at the hj’poglycemia level. 
A second venous blood sample was then taken for sugar analysis. Additional 
insulin was later injected and the experiment repeated. The results illustrated 
in table 1 showed that the injection of glucose restored the linguo-maxillary 
reflex although an increase of blood sugar above the normal value was without 
effect on the reflex response, as control experiments indicated. 

These observations illustrate again the fundamental difference in the reactiv- 
ity of somatic and vegetative centers in the same part of the central nervous 
system in as much as hypoglycemia is accompanied by an increased respiratory 
activity leading to a diminution in the carbon dioxide content of the arterial 
blood and a decrease in the carbon dioxide tension of the alveolar air (Doram 
and Gellhorn). Earlier studies of Gellhorn and collaborators (1938-1940) 
likewise demonstrated an increased reactivity of the vasomotor center in hypo- 
glycemia. 

Table 2 shows the effect of carbon dioxide on the linguo-maxillary reflex at 
normal and reduced blood sugar levels. It is evident that when the blood sugar 
had been reduced by insulin, carbon dioxide becomes more effective and causes 
a more rapid decline of the linguo-maxillary reflex than is observed at a normal 
blood sugar level. Moreover, the period of recovery is somewhat lengthened 
in the hypoglycemic experiments as compared to those performed without 
the use of insulin. These experiments are of interest in view of the fact that 
Gellhorn, Kiely and Hamilton observed that the pressor response elicited by 
carbon dioxide is inversely related to the blood sugar level. Apparently the 
effects of carbon dioxide are potentiated under condition of hypoglycemia. 
Whereas this potentiation results in a greatly increased blood pressure response 
to carbon dioxide, it causes a marked acceleration of the depressant action which 
carbon dioxide exerts on a somatic medullary reflex. 

Discussion. The experiments reported in this paper give clear evidence for 
the fact that alterations of the internal environment with respect to carbon 
dioxide, oxygen tension and blood sugar act in opposite manners on somatic and 
vegetative centers of the medulla. Whereas anoxia and hypercapnia cause a 
rise in blood pressure and an increased respiratory minute volume the linguo- 
maxillary reflex whose center is located in the brain stem is greatly depressed. 
Hypoglycemia which stimulates respiration and increases the reactivity of the 
vasomotor center to reflex-stimulation as well as to direct stimulation depresses 
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the linguo-maxillary reflex. "When two of the factors such as carbon dioxide 
and low blood sugar are combined greatly augmented effects are obtained on 
both somatic and vegetative centers. Under these conditions the fundamental 
difference in the reactivity of autonomic 1 and somatic centers is retained. 

The physiological significance of this fundamental difference is obvious. The 
increased respiratory activity under conditions of hj^percapnia and anoxia tends 
to restore the internal environment and to minimize the effects which these dis- 
turbances in homeostasis would otherwise have on the somatic nervous system. 
This interpretation is applicable to the conditions of hypoglycemia because the 
increased excitability of the sympathetic myelencephalic center tends to restore 
the blood sugar through sympathe tic-adrenalin discharges. Moreover, the 
increased respiration tends to raise the oxygen tension in the blood which is of 
importance since the effect of hypoglycemia on the brain can be eliminated by 
the inhalation of pure oxygen (Kessler and Gellhom ). 2 

SUMMARY 

Somatic and autonomic reactions whose reflex center is located in the brain 
stem were studied under conditions of disturbances of the internal environment. 
It was found that hypercapnia while exciting respiration and blood pressure 
decreases the linguo-maxillary reflex. Hyperventilation resulting in a de- 
creased excitability of the respiratory and vasomotor centers caused a marked 
increase in the intensity of the linguo-maxillary reflex. The fundamental dif- 
ference in the reactivity of somatic and autonomic brain stem centers is further 
illustrated by experiments on anoxia and hypoglycemia. These conditions 
depress the linguo-maxillary Yeflex while they excite the autonomic medullary 
centers. If carbon dioxide is inhaled at various blood sugar levels it is found 
that the depressant action of carbon dioxide on the linguo-maxillary reflex is 
inversely related to the blood sugar level whereas its excitatory effect on the 
vasomotor centers increases with falling blood sugar. The physiological signifi- 
cance of these reactions for the protection of the brain and the maintenance of 
homeostasis is emphasized. 
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The exact nature of the role of sympathetic innervation in the reactions of 
blood vessels has long been a subject of interest to physiologists, neurologists 
and clinicians (1-7). Much work has been done on this question and many 
important observations have been made. There are still certain aspects of the 
problem, however, which remain either vague or controversial. Most of the 
studies made previously have been carried out with the experimental animal 
under general anesthesia and, in many instances, changes of the caliber of the 
blood vessels have been inferred by measurements of temperature, blood pressure 
or alterations of blood flow. The objects of the present study were 1, to observe 
directly the reactions of the small blood vessels of the ear of the rabbit to certain 
drugs (epinephrine hydrochloride, ephedrine, ergotoxine and pitressin); 2, to 
observe the reactions to these drugs of the minute vessels in the innervated and 
in the denervated ear; 3, to determine the role played by the auricular nerves 
in motor responses of the minute blood vessels of the ear by direct observations 
of the reactions of these blood vessels to stimulation of the nerves; 4, to correlate 
the reactions of the blood vessels with evidences at necropsy of regeneration of 
nerves, and 5, by these means to determine the function performed by the nerves 
which supply these blood vessels. For this study we have found a modification 
of the Clark transparent chamber inserted into the ear of the rabbit satisfactory. 

Method. The transparent chamber we have used is similar to that which 
has been described by Ebert, Florey and Pullinger (8). This type of window 
is fashioned on a lathe from a bar of lucitc. The advantages over the original 
one used by Sandison (9) are 1, that the new type does not warp; 2, that it is more 
transparent than the original type, and 3, that it may be used repeatedly if 
desired. 

Healthy albino rabbits, weighing between 2 and 4 kgm., were used for tliis 
study. All surgical procedures, but not the subsequent observations, were 
carried out with the rabbit under anesthesia produced by pentobarbital sodium 
(25 to 35 mgm. per kilogram of body weight). The window was inserted at 
the junction of the middle and distal thirds of the ear between the marginal 
vein and the central vessels. Space does not permit a detailed description of 
the operative procedure for insertion of the window. 

Most of these windows were fully vascularized at the end of four weeks. Ob- 

1 Abridgment of thesis submitted by Doctor Levinson to the Faculty of the Graduate 
School of the University of Minnesota in partial fulfillment of the requirements for the 
degree of M.S. in Medicine. 
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servations on the reaction of the blood vessels to drugs were made from four to 
six weeks after the insertion of the window. Particular attention was given to 
the response of the arterioles to injections of epinephrine, ephedrine, pitressin 
and ergotoxine. Constriction of the arterioles was graded on the basis of 1 to 
4; 1 representing slight constriction; 2, moderate constriction (lumen diminished 
50 per cent); 3, fairly marked constriction (still slight evidence of a lumen re- 
maining); 4, marked constriction (complete disappearance of the arteriolar 
lumen). The temperature of the room registered from 21 to 26.5°C. during these 
studies. Injections of the drugs were made into the marginal vein of the ear 
opposite the one being observed. If there was constriction of the arteriole on 
insertion of the needle, we waited until the lumen had returned to its original 
caliber before starting injection of the drug. Control injections of isotonic saline 
solution did not produce any response in the vessels. Observations were carried 
out by means of a compound microscope at a magnification of 200. No attempt 
was made to measure the caliber of the vessels, since slight movement of the 
rabbit and the evanescence of some of the reactions made accurate measurement 
of the vessels difficult. In addition to direct observation, photographs were 
made of typical responses of the minute vessels to the various drugs. The 
observations were made on a series of nine animals. Repeated observations 
were made on each animal with each drug. The most consistent reaction pro- 
duced by repeated doses of each drug was determined for each animal. 

The epinephrine used was a stock solution of 1:1,000. Further dilutions 
were made with physiologic salt solution. The smallest dose of epinephrine to 
which any animal reacted was 0.05 cc. of 1: 1,000,000 solution. With this dose 
as a starting point, the dose was increased by increments of 0.05 cc. until a grade 
4 response was obtained. It was not necessary to consider the weight of the 
rabbit since the same doses of epinephrine were used for each animal before and 
after denervation. 

To test the effect of ephedrine, ciystals of ephedrine (Burroughs, Wellcome 
and Co.) were dissolved in physiologic saline solution in a strength of 10 mgm. 
per cubic centimeter. Doses of 1 mgm. per kilogram of body weight were ad- 
ministered at intervals of ten to fifteen minutes until there was a definite diminu- 
tion of response but the number of successive doses never exceeded four. 

Dilutions of pitressin (Parke, Davis & Co.) with physiologic saline solution to 
a strength of 2.0 pressor units per cubic centimeter were made just prior to 
injection and given in doses of 0.1 pressor unit per kilogram of body weight; 
the same procedure was carried out as with ephedrine. 

To test the effect of ergotoxine, 5 mgm. of powdered ergotoxine alkaloid 
(Burroughs, Wellcome and Co.) was dissolved in 0.5 cc. of absolute alcohol, then 
made up to a volume of 5 cc. with distilled water and given in doses of 0.5 mgm. 
per rabbit. Administration of the dose of ergotoxine was preceded in each 
instance by administration of the smallest dose of epinephrine that produced a 
response of grade 4. Also in each instance administration of the dose of ergo- 
toxine was followed by administration of a similar dose of epinephrine in order 
to observe any alteration of the response to epinephrine caused by ergotoxine. 
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After the foregoing studies had been completed, denervation of the ear was 
done. This consisted in removing pieces 15 to 20 mm. long of the dorsal and 
great auricular nerves of the ear in which the window had been placed. On the 
same side the peripheral portion of the cervical sympathetic chain, together with 
the superior cervical ganglion, was avulsed. The vessels were observed imme- 
diately after this operation and at intervals of five, ten, fourteen, twenty-one 
days and so forth after denervation. Studies of the action of drugs were also 
carried out at the intervals just mentioned. 

Necropsies were performed on the animals and the condition of the auricular 
and cervical sympathetic nerves was noted. 

Similar observations were made on one rabbit on which the entire operative 
procedure for denervation was carried out, except that the nerves were not cut. 
This animal served as a control on the effects of the opera tive procedures. 



Fig. 1. Effect of denervation on the response of small blood vessels to administration of 
epinephrine (X200). a, appearance of arteriole (A) and venule (V) in the innervated ear; 
b, appearance of same vessels as seen in a thirty seconds after 0.2 cc. of 1:1,000,000 solution 
of epinephrine had been given; c, appearance of same vessels as seen in a ten days after 
denervation of the ear; d, appearance of same vessels as seen in c after 0.2 cc. of 1:1,000,000 
solution of epinephrine had been given. 

Results. Epinephrine. The reaction of the vessels in the window of the 
innervated ear to epinephrine was usually a constriction of the arterioles within 
twenty seconds after the injection (fig. la and b). It was observed that not all 
the arterioles in the window responded equalty to the same dose of epinephrine. 
At times, after administration of small doses of epinephrine, there were noted 
at irregular intervals along the course of an arteriole constrictions which gave 
the vessel the appearance of a string of sausages This phenomenon tends to 
support the smooth muscle motor unit concept of Fulton and Lutz (10). The 
maximal constriction lasted usually from thirty seconds to one minute. Dilata- 
tion was frequently observed for a few seconds after relaxation of the vessel. 
There was a slight narrowing of the lumina of the venules accompanying the 
arteriolar constriction. Independent constriction of the capillaries was not 
observed. So long as any blood was flowing through the arterioles the capillaries 
remained open. It was only when arteriolar flow was shut off completely that 
the capillary lumina seemed to disappear. 
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After denervation (fig. lc and d) it was observed in all instances that the does 
of epinephrine required to produce the grade 4 response was definitely less than 
for the vessels in the innervated ear. In most instances there was only a slight 
difference in the size of the necessary dose but in a few cases the difference was 
very great. This altered response was usually present when the animal was 
first studied at five days after denervation. It was invariably present at ten 
days after denervation. In addition the response to epinephrine usually oc- 
curred more slowly and lasted longer than in the innervated ear. This increased 
response to epinephrine disappeared in a few cases after about four weeks fol- 
lowing denervation. 

Ephedrine, In the animals that had innervated ears ephedrine had the same 
general effect as epinephrine. However, the effect of ephedrine was more in- 
consistent than that of epinephrine and usually did not appear until about a 
minute after injection. The maximal arteriolar constriction usually lasted from 
three to four minutes. In each case the vessels showed either a diminished or a 
negative response to repeated doses. 

The response of the vessels of the denervated car to ephedrine was not greatly 
different from that of the vessels of the innervated ear. In a few animals after 
denervation of the ear more ephedrine had to be given before the vessels became 
refractory to the action of the drug than had been necessaiy when the nerves 
were intact. 

Pitressin. Pitressin had the most powerful vasoconstrictor action on the 
vessels of the ear of any of the drugs used. Its effect, like that of epinephrine, 
was chiefly on the arterioles. Independent capillary constriction was not ob- 
served. Abell and Page (11) and Barrett (12) have also reported that they did 
not observe independent capillary constriction after injections of pitressin. The 
arteriolar constriction usually occurred within twenty to thirty seconds after 
injection. The maximal effect in most cases lasted from three to ten minutes. 
As with ephedrine, the effect on the arterioles of repeated doses either became 
diminished or was negative. 

In the denervated ear the response was much the same as in the innervated 
ear with one exception. In those animals in which there had been diminished 
response or absence of response of the auricular vessels to repeated doses, the 
same vascular response occurred, after denervations, with each repeated dose 

(fig- 2). 

Ergotoxine. Almost without exception in animals that had innervated ears 
ergotoxine produced a definite constriction of the arterioles which usually began 
about thirty seconds after injection. The maximal constriction lasted from two 
to fifteen minutes. This was then followed by a marked dilatation of the capil- 
laries and a moderate dilatation of the venules. Temporary arteriolar dilatation 
also was observed occasionally after the period of constriction. The vessels 
of the innervated ear after injection of a dose of epinephrine which followed the 
administration of ergotoxine showed no effect whatever or a definitely diminished 
effect. In those cases in which there w r as some constriction of the arterioles 
when administration of epinephrine followed that of ergotoxine, there was not 
any effect on the capillaries. 
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The response of the vessels of the denervated ear to ergotoxine was the same 
as that of the vessels of the innervated ear with two exceptions. First, ergo- 
toxine produced a definite constriction of the arterioles in those few animals 



H Before denervation EH After denervation 
Arrows indicate that refractoriness had not yet occurred 


Fig. 2. Number of doses of pitressin required to produce refractoriness of arterioles to 
further doses. Effect before and after denervation. 



I Reactions in the innervated ear B= Before ergotoxine 
H Reactions in- the denervated ear A=After ergotoxine 


Fig. 3. Effect of denervation on the inhibitory action of ergotoxine 

which had not shown any response of the arterioles to ergotoxine before denerva- 
tion. Second, there was an alteration of the inhibitory action of ergotoxine, 
occurring usually between the fifth and the fourteenth day after denervation 
(fig. 3). During this period except in one case ergotoxine apparently had little 
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or no effect on the action of epinephrine. However, in those animals observed 
for more than two weeks the effect of ergotoxine became the same as it had 
been before denervation. 

Effects of stimulation of the peripheral ends of the severed nerves. At the end 
of the first eight days of growth Clark, Clark and Williams (13) demonstrated 
nerves in the tissue which had grown into the chamber inserted into a rabbit’s ear. 
It has also been shown (20) that stimulation of the peripheral end of the cervical 
sympathetic chain results in a swelling of the endothelial cells of the capillaries in 
this chamber. . Meltzer and Meltzer (3) found that in the majority of cases, the 
third cervical nerve carries the vasomotor fibers for the blood vessels of the rab- 
bit’s entire ear, except for a comparatively small region around the lower two- 
thirds of the central artery, which is supplied by the cervical sympathetic nerves. 
In each of the animals we have studied except the control animal 9, we have 
recorded the changes of the vessels in the chamber subsequent to stimulation of 
the peripheral ends of the severed auricular and cervical sympathetic nerves. 

Stimulation of the peripheral end of the cut cervical sympathetic chain in- 
variably produced marked constriction of the arterioles in the chamber (table 1). 
This usually began about twenty seconds after the beginning of stimulation and 
lasted for one to two minutes after stimulation had ceased. Slight narrowing 
of the venules was also observed. No definite independent capillary constriction 
was observed. The disappearance of the capillar}' lumen seemed to be secon- 
dary to marked constriction of the lumen of the supplying arteriole. 

Stimulation of the peripheral end of either the dorsal or the great auricular 
nerve did not produce a consistent response (table 1). In one animal no re- 
sponse was observed on stimulation of either of these nerves. In other animals 
a response was observed on stimulation of one nerve but not on stimulation of 
the other. In only one animal was a response obtained by stimulation of each 
of these nerves. When response to stimulation of these nerves did occur, the 
great auricular nerve produced a more marked effect than the dorsal auiacular 
nerve. As with the cervical sympathetic chain no active constriction of the 
capillaries was noted after stimulation of these nerves. 

Observations on the status of the vessels after denervation. Immediately after 
the sectioning of the auricular and cervical sympathetic nerves there appeared 
to be a definite dilatation of the arterioles, venules and capillaries in the cham- 
bers of all of the animals studied. (Animals had been anesthetized for some 
time when ! this was done.) When the animals, were observed five days after, 
denervation, it was noted in all instances that the arterioles were definitely di- 
minished in caliber, although in some animals the reduction was only slight. 
The constriction seemed to be independent of environmental temperature or 
the degree of quietness of the animal and it seemed to persist. In two animals 
in which the hypersensitivity to epinephrine had disappeared at the end of about 
four weeks after denervation, there was concomitantly a return of the arterioles 
to their original caliber. 

Postmortem findings on the sectioned nerves. There was not any evidence of 
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regeneration of the cervical sympathetic chain in any animal in the series. In 
only one animal was there found gross evidence of regeneration of the auricular 
nerves. In this rabbit there was an actual bridging of the great auricular nerve 
at the point where it had been sectioned forty-four days previously. The 
whole nerve appeared larger than the one on the intact side and there were bul- 
bous enlargements along its course. In this animal there was a nodular swelling 

TABLE 1 


Effect of stimulation of nerves supplying the ear and condition of severed nerves at necropsy 


RABBIT | 

EFFECT OF STIUUI.ATION OF VARIOUS NERVES ON CONSTRICTION, 
GRADE, OF VESSELS 

GROSS EVIDENCE OF 
REGENERATION OF 
NERVE AT NECROPSY 

DAYS 

AFTER 

OPERATION 

Vessels 

Dorsal 

auricular 

Great 

auricular 

Cervical* 

1 

Arterioles 

0 

4 

Not ob- 

None 

30 


Capillaries 

0 

0 

served 



2 

Arterioles 

0 

i 

2 

2 

None 

43 


Capillaries 

0 

0 

0 

1 


3 

Arterioles 

0 

1 

3 

4 

None 

37 


Capillaries 

0 

0 

0 



4 

Arterioles 

2 

4 

3 

Great auricular 

44 


Capillaries 

0 

0 

0 

nerve 

. 

5 

Arterioles 

2 

0 

4 

Not observed 



Capillaries 

0 

0 

0 



6 

Arterioles 

3 

0 

4 

None 

10 


Capillaries 

0 

0 

0 



7 1 

Arterioles 

0 

! 0 

4 

None 

15 


Capillaries 

0 

0 

0 



8 1 

Arterioles 

0 

4 

2 

None 

14 

; 

Capillaries 

0 

0 

0 




* Pupil dilated. 


of the dorsal auricular nerve at the proximal end of the distal segment of the 
cut nerve. The proximal segment could not be found. There was no evidence 
of regeneration of this nerve. 

Comment. The increased sensitivity to epinephrine and the return of “vas- 
cular tone” after denervation remain enigmas. It seems, however, that 
these phenomena are associated with the interruption of the sympathetic nerves. 
It is verv interesting that the increased sensitivity to epinephrine and the di- 
minished caliber of the vessels in a few animals disappeared when according to 
the work of others (14, 15) it might be suspected that regeneration of nerves 
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had taken place. However, we were able to demonstrate regeneration 
anatomically in only one animal, although there was evidence of return of func- 
tion in the others. 

“We have no adequate answer as to why the blood vessels exhibited increased 
sensitivity to drugs after interruption of their sympathetic nerve supply. Ro- 
senblueth and Morison (1G) suggested that denervation increases the permea- 
bility of smooth muscle cells to epinephrine. The slowness of the response and 
the increased duration of the effect of epinephrine after denervation would tend 
to indicate some alteration of a hypothetical receptive substance rather than a 
change of permeability. Ascroft (5) expressed the opinion that there is not any 
reason to doubt that sensitization developing after denervation is due to change 
of the peripheral structures. Grant (2) suggested that there must be some as yet 
unidentified pressor substance in the circulation which would account for the 
return of “vascular tone.” This still would necessarily imply an altered reactiv- 
ity of the blood vessel to this pressor substance. 

The altered effect of ergotoxine after denervation lends support to the idea 
of a change of some mechanism associated with the blood vessel. Cannon and 
Rosenblueth (17) have indicated that the blocking effect of ergotoxine occurs 
between the “receptive substance” and the “specific response.” If some alter- 
ation of this receptive substance had occurred after denervation, making the 
substance more responsive to epinephrine, would it not then be more difficult 
for a given dose of ergotoxine to inhibit this response after denervation? This 
is apparently just what occurred. 

The fact that these reactions have been the same, on the whole, as those 
demonstrated by others (9, 11, 18-20) using different methods justifies the 
use of the tissue grown into the chamber inserted into the rabbit’s ear as a physi- 
ologic experimental unit. The fact that the surgical procedures necessary to 
prepare the rabbits for our observations — procedures which were performed 
with the animals under anesthesia — preceded the observations by several weeks 
and that therefore the observations have been carried out successfully in the 
absence of anesthesia obviates one of the chief criticisms of this type of experi- 
ment, since the reactions are those to the drug administered and not those to the 
drug plus an anesthetic agent. 

The problem of tachyphylaxis affords opportunity for much speculation. 
Local immunity (21), circulating antibodies (22) and cardiac depression (23) 
have been suggested as responsible for the phenomenon of tachyphylaxis. 
Rietschel (24) expressed the opinion that tachyphylaxis rests on a conversion 
or change of the vegetative nervous system. The fact that we have found in 
our experiments on ephedrine and pitressin that tachyphylaxis is produced with 
greater difficulty after denervation than before it lends support to the conception 
that the sympathetic nervous system is involved in this phenomenon but in 
what manner is not known. 

In our experiments we have never observed definite, independent capillary 
contraction. We have not given attention to the swelling of the endothelial 
cells which Sanders, Ebert and Florey observed. 
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Stimulation of the peripheral end of the severed cervical sympathetic chain 
consistently produced a definite constriction of the arterioles in the chamber, 
while the results after stimulation of either auricular nerve were variable. It 
has been stated from the work of Meltzer and Meltzer that the vasomotor suppfy 
of the central artery in most instances comes largely from the cervical sympa- 
thetic chain. Since most of the blood vessels in the chamber usually grow in 
from the central artery (25) it seems logical to assume that these new vessels 
should be supplied by the same nerve fibers which supply the central artery. 
Tins might explain the consistent results obtained bj r stimulation of the cervical 
sympathetic chain. In those instances in which stimulation of the auricular 
nerves resulted in definite constriction of the arterioles, it can likewise be con- 
cluded that the arterioles received at least a part of their vasomotor supply 
through the auricular nerves and it may be inferred that the central arteiy did 
likewise. 


SUMMARY AND CONCLUSIONS 

A study of the reactions of the minute blood vessels seen in the transparent 
chambers inserted in the ears of albino rabbits has been presented. The re- 
sponse of these blood vessels to epinephrine, ephedrine, pitressin and ergotoxine 
has been recorded for innervated and denervated ears. Observations were also 
made on the effect of stimulation of the auricular and cervical sympathetic 
nerves on these blood vessels. Each animal was grossfy examined at necropsy 
for evidence of regeneration of nerves. 

The following conclusions were drawn: 

1. The tissue grown into a transparent chamber inserted in the rabbit’s ear 
is entirely suitable for physiologic studies. 

2. The- response to epinephrine was a consistent constriction of the arterioles 
accompanied by slight narrowing of the venules. 

3. Ephedrine, in general, produced the same response as epinephrine. There 
was evidence of refractoriness to repeated doses of ephedrine. 

4. Pitressin in the dose used (0.1 pressor unit per kilogram of body weight) 
had the most pronounced vasoconstrictor action. There was, as with ephe- 
drine, refractoriness to repeated doses of pitressin. 

5. Ergotoxine blocked the vasoconstrictor action of epinephrine. 

6. Stimulation of the cervical sympathetic chain produced a constriction of 
the arterioles in the window more consistently than did stimulation of the dorsal 
or great auricular nerves. 

7. The denervated vessels in the chamber became hypersensitive to epineph- 
rine and regained their “tone” after denervation. Suggestions have been made 
as to the mechanism involved. 

8. The blocking action of ergotoxine and the phenomenon of tachyphylaxis 
are apparent^ somewhat altered by denervation. 
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Rosenblueth and his collaborators investigated the electric potentials of 
smooth muscle. They utilized the nictitating membranes, pilomotor muscles, 
uterus and urinary bladders of cats. Earl}’ studies by Rosenblueth and Rioch 
(1) in 1933 revealed the electrical activity of smooth muscle divisible into two 
phases — an initial potential which precedes contraction and a delayed potential 
simultaneous with the contraction. In a later publication Lambert and Rosen- 
bleuth (2) in 1935 were able to subdivide still further the potentials of isolated 
preparations. Three phases were delimited — potential I, the fast, initial mono- 
phasic potential which precedes contraction; potential II, larger, slower mono- 
or diphasic potentials, either preceding or occurring simultaneously with the 
onset of contraction; potential III, consisting of two parts, IHb, a slow potential 
lasting for the duration of the contraction, and Ilia, superimposed slow po- 
tentials, of shorter duration. In a subsequent publication Rosenblueth, Davis 
and Rempel (3) in 1936 demonstrated that potential I is not a propagated dis- 
turbance, is probably produced by the chemical mediator, and that the electric 
potential of neighboring- cells may add in series. 

Berkson (4), in 1933, using a string galvanometer, recorded relatively slow 
potentials arising from the small intestine of experimental animals. These 
potentials could not be correlated with contractions, and he considered them 
artefacts. Bozler (5) in 1938 studied the action potentials of strips of small 
intestine of experimental animals. During relaxation he could detect no electri- 
cal activity. Stimulation produced repetitive discharges and on rhythmic move- 
ments bursts of impulses appeared. Later Bozler (6) in 1939 isolated loops of 
small bowel in animals and found each contraction accompanied by repetitive 
discharges, each pendular movement accompanied b} r a discharge of 3 to 15 
spikes, and in the guinea pig a characteristic frequency of 1 or sometimes several 
spikes occurring at an average of every 1 to 1.2 seconds during resting phases. 

The experiments described in this paper were conducted in order to determine 
whether or not action potentials could be elicited from the intact human in- 
testine and, if so, whether these potentials could be correlated with mechanical 
evidence of contraction, and with the electric potentials of smooth muscle as 
determined in animal experiments. 

Methods. A total of five patients was studied. Four were normals and one 
had a well-established ileostomy. 

For recording from the patient with the ileostonw, Ag-AgCl electrodes were 

1 Aided in part by a grant from E. H. Brewer Company, Inc., Worcester, Mass. 
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placed approximately 4 cm, apart, directly on the mucosal surface, and parallel 
to the long axis of the ileum. Contractions were observed instead of being 
measured mechanically. 

The normal patients were studied by intubation. The tube was single- 
lumened enclosing two no. 32 enamelled, copper wires. Electrode bars were 
soldered to the proximal ends of the wires. 

The distal end of the tube was perforated to permit inflation of the balloon. 
The wires were brought through the end of the tube and electrodes of solder 
affixed, filed smooth to a diameter of approximately 4 mm. The lengths of pro- 
truding wire were adjusted to 3 and 5 cm. A solid, rubber-covered tip was in- 
serted and fixed in place. A balloon of condom rubber, approximated 6 cm. 
long and adjusted to hold 50 cc. of air without stretching, was tied in place. 

The electrodes were then sewed 2 cm. apart onto 4 inch cotton tape. The 
tape was adjusted and tied so that inflation of the balloon kept it taut. This 
assured as nearly a perfect contact with the intestinal Avail as possible during the 
studies. AH connections were tested to pre\ r ent loss of air. 

The tube was introduced into the small intestine by the method of Miller and 
Abbott (7) and under fluoroscopic guidance it was permitted to progress until 
it had passed the ligament of Treitz. Since the tube was stiffened by the wires, 
in most instances, it progressed very little from this point. A ground electrode 
was attached to the skin of the abdomen over the region of the tip of the tube. 
All recordings were made by a 3 channel, condenser coupled amplifier Avith ink 
AA’riters (Grass). 

The proximal end of the tube was connected to a tambour with a vertical- 
writing pen. The membrane of the tambour was selected to be relatively 
resistant so that its excursions did not interfere with the writing pens. The 
balloon AA'as inflated with 50 cc. of air through a T-tube. The air was meas- 
ured at intervals throughout the experiment to assure inflation and detect air 
leaks. The pen was aligned \\dth those of the Grass oscillograph and continuous 
electrical and manometric records were made for periods of 2 to 3 hours. 

Results. In the patient with the ileostomy, Avhenever a contraction Avas 
visually apparent an electrical disturbance AA r as evident. This disturbance con- 
sisted of fast potentials at the inception, folloAved quickly by sIoav acthdty. The 
base line shift indicated a very slow potential similar to Illb described by Rosen- 
blueth and his collaborators. Superimposed upon this potential AA'as other sIoav 
activity but intermediate in frequency betAA'een the initial spikes and base line 
SAvav. This base line shift AA'as either mono- or diphasic (fig. 1). 

With the solder disc electrodes attached to the balloon in the jejunum a similar 
type of activity AA'as obtained. In these records, hoAA'ever, the electrocardiogram 
appeared constantly (fig. 2). The rapid initial potentials are not as clearly 
evident in records taken in this manner and the faster potentials are frequently- 
dispersed for a considerable distance along the record. This may AA r ell be due 
to the larger diameter of the solder electrodes as compared AA'ith the Ag-AgCl 
electrodes and also to the greater distance betAA'een the former. It is conceivable 
that initial potentials from more neighboring fibres are available for recording. 
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A potyphasic nature of the base line shift is more easily discernible in records 
obtained with the solder disc electrodes. 

Correlation of the electric potentials with the mechanogram — a tambour in 
continuity with the tube and inflated balloon — reveals that the electrical activity 
is evidenced for an appreciable time before mechanical contraction is recorded 
(fig. 2). This time interval was constant for a single experiment and often was 
as much as 1.5 to 2 seconds. 

The electrical activity not only preceded but usually did not persist for the 
duration of the mechanical evidence. Indeed, the onset of another contraction 
could at times be discerned electrically before the mechanogram had reached 
the base line. When the record is obtained at a faster speed, the difference 
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Fig. 1. Records obtained by means of Ag- AgCl electrodes from mucosal surface of small 
intestine exposed by old ileostomy. Upper two tracings at slower speed than lower tracing. 
Each record taken during contraction. Onset of activity is with fast frequency spikes 
followed by slow base line shift with superimposed intermediate activity. 

between the three types of activity — the initial rapid spikes, the base line shift 
and the intermediate slow waves — is well exemplified (fig. 2). 

Discussion. Electrical potentials were obtained from the intact human in- 
testine by means of electrodes introduced via intubation. The activity thus 
obtained shows considerable similarity to that described for isolated preparations 
of smooth muscle. That discrepancies should be present is understandable in 
view of the complexity of this preparation. In these experiments, not only were 
there many fibres in the area studied, but these fibres being both longitudinal 
and circular were at right angles to each other. Nevertheless the same essential 
features are discernible, namely, rapid, initial potentials succeeded by slow waves 
consisting of a base line shift with superimposed intermediate slow activity. 
The potential II described by Lambert and Rosenblueth cannot be demarcated 
in these studies. Indeed potential I, as has been indicated, is complex. This 
complexity of faster frequencies with a spread into the sphere of the slower 
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activity is understandable in view of the subsequent activation of adjacent mus- 
cle fibres. 

In the resting phases, that is, when mechanical evidence of contraction is 
lacking, there is no indication of electrical activity. This is in contradistinction 
to Bozler’s observations in the guinea pig. 

It has been noted that the electric potentials preceded the mechanical evidence 
of contraction. While this is not surprising, an interval of time of this magnitude 
(1.5-2 sec.) had not been anticipated. The explanation for this time lag prob- 
ably includes the size of the balloon, the placement of the electrodes, and the 
inertia of the mechanical system. 

The precedence of electrical activity would indicate that what has been re- 
corded is not artefact. Moreover, movement of the electrodes over the small 
intestinal surface, in the ileostomy experiment, produced activity clearly dis- 
cernible from the activity shown. The activity produced by such artefact 

— ' * — ' — " 
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Fig. 2. Continuous record by intubation technique through two relatively short con- 
tractions. Upper tracings are electric potentials of small intestine and the E. K. G. Lower 
tracings are from the tambour and record mechanical evidence of contraction. Record 
shows onset of electrical activity before the mechanical evidence. The three phases of the 
electrical activity are evident. 

consisted of slow waves to the extent of amplification with interspersed 
spikes resembling electrode “pops”. In intubation experiments, artefacts were 
encountered only during a violent contraction often associated with cramping 
and borborygmus, and in these instances the tube was later found b} r fluoroscopy 
to have shifted position. However, even in these instances the artefacts were 
preceded by distinct activity such as shown in the illustrations. 

CONCLUSIONS 

1. Electric potentials can be obtained from the intact human small intestine 
or the small intestine previously exteriorised. 

2. These electric potentials correlate with the mechanical evidence of con- 
traction. 

3. In essential respects these electric potentials are similar to the activity of 

isolated preparations of smooth muscle. _ • 

4. The similarity consists of fast initial spikes followed by long base line shifts 
with superimposed intermediate activity. 
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In a previous paper (1) it was shown that intestinal capillaries which were 
injured sufficiently to permit the partial or complete passage of serum proteins 
through their walls allow the passage of only 35 to 60 per cent of plasma gelatin. 
In view of this fact the rate of disappearance of gelatin from plasma is of interest 
especially with reference to the use of gelatin solutions as blood substitutes. 
Amberson (2) cites data reported by various authors which show that infused 
gelatin had completely disappeared from the blood in from 2 to 40 hours after 
its infusion in normal animals. There was considerable difference of opinion 
regarding the rate of its disappearance, probably because indirect methods for 
determining its concentration in the blood were used. 

The purpose of the investigations reported here was the study of : a, the disap- 
pearance of intravenously injected gelatin-saline solutions from the blood after 
single and repeated injections in normal dogs, and the excretion of gelatin in the 
urine; b, the effect of intravenously injected gelatin upon the total red* cell 
volume. 

Procedure and methods. Disappearance from the blood and the excretion of 
gelatin . Unanesthetized dogs were used. A plasma volume determination 
was done using the method of Gibson and Evelyn (3) and blood was drawn for 
analysis. The bladder was catheterized and emptied. The animals were then 
given an intravenous injection of gelatin -saline solution (4 to 7 per cent) equal 
to 1 per cent of the body weight. In the case of 4 dogs blood was drawn for 
analysis and plasma volume determinations were made at intervals of §, 6, 24, 
48 and 72 hours. All urine was collected for analysis at intervals of 6, 24, 48 
and 72 hours, the period of collection being terminated always by catheteriza- 
tion. Four other dogs received gelatin-saline injections at intervals of 24 hours 
for 4 days. Blood was drawn for analysis and plasma volume determinations 
were done just prior to these injections. All urine was collected for analysis at 
intervals of 24 hours and each period of collection was again terminated by 
catheterization. 

The serum analyses were done according to a previously published procedure 
(1). It was necessary to devise a procedure for the determination of gelatin 
in urine. It was found that 5 per cent trichloracetic acid will not precipitate 
gelatin from urine, but it will precipitate other proteins which may be present. 
Gelatin is precipitated by tungstic acid. From 0.2 to 6.0 ml. of urine are pipet- 

1 Aided in part by a grant from the Knox Gelatine Company. The gelatin was furnished 
by Knox Gelatine Company, lot number B 78-1’s. 
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ted into a 60 ml. centrifuge tube used in the Sorvall angle centrifuge, the volume 
of urine to be used being estimated by a preliminary precipitation. The total 
volume is brought to 9.0 ml. by the addition of distilled water; 0.5 ml. of 10 per 
cent sodium tungstate and 0.7 ml. of f N sulphuric acid are added. In some 
cases it is necessary to add up to a total of 1.0 ml. of sulphuric acid before pre- 
cipitation is complete. The tubes are allowed to stand for 15 or 20 minutes if 
flocculation does not occur immediately and are then centrifuged for 15 minutes 
or until the supernatant fluid is clear. The completeness of precipitation is 
checked by adding 1 drop of § N sulphuric acid to the clear supernatant fluid. 
If more precipitate forms, several drops of the acid are added, and the tube is 
centrifuged again. The fluid is then decanted and the precipitate is washed 
with 4 ml. of a solution made by mixing 1 part of 10 per cent sodium tungstate, 
1 part of f N sulphuric acid and 18 parts of distilled water. The tube is centri- 
fuged and decanted, and this washing process is again repeated. Decantation 
causes no appreciable loss of precipitate, which was ascertained by using an as- 
bestos plug filter in some cases. 

The nitrogen in the precipitate is determined according to the method of Van 
Sfyke (4) and Van Slyke and Kugel (5). After digestion and neutralization the 
solution is transferred with washing to a 25 milliliter volumetric flask and brought 
up to volume with distilled water. Ten ml. aliquots of the solution are used for 
the manometric determination of nitrogen, but in some cases it is necessary to 
use greater or smaller aliquots depending upon the quantity of nitrogen present. 
The nitrogen values are converted to gelatin values by the usual factor 6.25. 

All urine samples were tested for the presence of proteins other than gelatin 
by precipitation in a 5 per cent trichloracetic acid solution. In no case was 
protein other than gelatin found. 

All determinations were done in duplicate, and those not checking within 5 
per cent were repeated. 

The effects of gelatin on the total red cell volume. Observations on the total red 
cell volume were made using the method of Gibson and Evelyn (3). Unanesthe- 
tized dogs were used. All blood samples Avere drawn from the jugular or femoral 
vein without stasis. Control determinations of total red cell volumes Avere made 
after which the animal A\'as given intravenously a quantity of gelatin solution 
equal to 1 per cent of the body Aveight. Some animals recei\ r ed a single injection 
of 6 to 7 per cent gelatin after which the red cell A r olume determinations Avere 
made at intervals of 4, 6, 24, 48 and 72 hours. Other animals received approxi- 
mate^ 4 per cent gelatin solutions injected at 24 hour inteiwals for 4 days, the 
total red cell volume being determined prior to each injection. In some of these 
animals injections of 6 per cent gelatin solutions Avere continued for 7 or 8 days 
after AA-hich the total red cell A-olume Avas again determined. 

Results and discussion. In order to test the accuracy of the urinary gelatin 
determinations, a knoivn quantity of gelatin Avas added to urine Avhich had been 
collected during some of the preliminary experiments and Avas known to contain 
gelatin. The results are given in table 1. It Avill be seen that the maximum 
variations from the theoretical concentrations is less than 7 per cent. 

Disappearance from the blood and excretion of gelatin. Complete data obtained 
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following a single injection of a gelatin solution in a typical experiment are given 
in table 2, and the data on the disappearance of gelatin from the plasma and its 
excretion in the 4 animals in this group are summarized in table 4. 

Approximately 50 per cent of the injected gelatin had disappeared from the 
plasma within 30 minutes after injection, and by the end of 72 hours only traces 
of gelatin remained in the plasma. This means that gelatin began leaving the 
blood soon after its injection and left rather rapidly. However, only 23 to 35 


TABLE 1 

Recovery of gelatin added to urine 


TOTAL GELATIN 
CONCENTRATION 

t 

determined original 1 

GELATIN CONCENTRATION ' 

1 

CONCENTRATION OF ADDED GELATIN 

Found 

Theoretical 

gram per cent 

gram per cent 

gram per cent 

gram per cent 

0.67 

0.15 

0.52 

0.55 

0.67 

0.15 

0.52 

0.55 

0.83 

0.27 

0.56 

0.55 

0.84 

0.27 

0.57 

0.55 

1.61 

0.80 

0.81 

0.87 

1.63 

0.80 

0.83 

0.87 


TABLE 2 


Disappearance of gelatin from blood following a single intravenous injection and its excretion 
in urine. Dog 3. Received 10. 01^ grams gelatin as a 7 per cent solution 



PLASMA 

VOLUME 

SERUM 

PROTEIN 

CONC. 

SERUM 

GELATIN 

CONC. 

SERUM 

N.P.N. 

TOTAL 

SERUM 

PROTEIN 

TOTAL 

SERUM 

GELATIN 

GELATIN 

LOST 

FROM 

PLASMA 

HOURS 

AFTER 

GELATIN 

INJECTION 

URINE 

VOLUME 

URINE 
CE LATIN 
CONC. 

TOTAL 

URINE 

GELATIN 


ml . 

gram 
per cent 

gram 
per cent 

mgm. 
per cent 

gram 

gram 

gram * 


ml. 

gram 
per cent 

gram * 

Control 

600 

6.21 


33.5 

37; 26 







X 

2 

773 

4.97 

isa 

35.9 

38.42 

5.49 

4.55 

0-6 

193 

0.29 


6 

678 

5.22 


35.7 

35.39 

2.92 

7.12 





24 

678 

5.38 


37.7 

36.48 

1.56 

S.48 

6-24 

217 

0.70 


48 

657 

5.72 

EH 

23.3 

37.58 

1.05 

8.99 

24-48 

175 

EE1 

2.47 

72 

760 

5.91 

0 

26.3 

44.92 


10.04 

48-72 

297 

ED 



* Cumulative values. 


per cent of that which left the plasma was excreted in the urine. Whether the 
gelatin not accounted for in the urine is stored or metabolized is not known. 
Brunschwig et al. (6) have obtained evidence which suggests that at least a 
portion of intravenously injected gelatin is metabolized. 

The excretory rate of gelatin diminished as the serum concentration decreased, 
as one would expect. The serum gelatin concentrations given in table 2 are 
quite representative of those in the other dogs of this group. 

The gelatin induced a diuresis during the first 6 hours following its injection. 
During this period the hourly urinary volume is about 100 per cent greater than 
subsequent hourly excretion rates. This confirms unpublished evidence ob- 
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tained on anesthetized dogs in which it was found that the urinary volume was 
from 2 to 18 times greater per unit of time after gelatin than during the control 
period. 


TABLE 3 


Disappearance of gelatin from blood during repeated injections and Us excretion in urine. 

Dog 7. Received 4 per cent gelatin solution 


DAYS 

GELATIN 

INJECTED 

PLASMA 

VOLUME 

SERUM 

PROTEIN 

CONC. 

SERUM 

GELATIN 

CONC. 

SERUM 

N.P.N. 

TOTAL 

SERUM 

PROTEIN 

TOTAL 

SERUM 

GELATIN 

GELATIN 

LOST- 

PROM 

PLASMA 

URINE 

VOLUME 

URINE 

GELATIN 

CONC. 

TOTAL 

URINE 

GELATIN 


tram * 

ml. 

gram 
per cent 

gram 
Per cent 

mgm. 
per cent 

gram 

train * 

gram * 

ml. 

gram 
per cent 

tram * 

Control 


800 

7.05 


24.7 

56.4 






It- 

8.S6 

S91 

6.52 

0.18 

35.9 

58.1 

1.60 

7.26 

880 

0.12 

1.06 

2 

17.72 

874 

6.30 

0.37 

24.9 

55.1 

3.23 

14.49 

525 

0.53 

3.84 

3 

2G.39 

874 

6.05 

0.47 

22.0 

52.9 

4.11 

22.28 

700 

0.40 

6.64 

4 

35. OG 

908 

5.99 

0.32 

45.5 

54.4 

2.91 

32.15 

405 

0.66 

9.31 


* Cumulative values. 

t All samples were drawn at the end of a 24 hour period. 


TABLE 4 

Summary of data on gelatin disappearance from the blood and its excretion in the urine 


BOG 


SINGLE INJECTION OF 6 TO 7 PER CENT 
GELATIN SOLUTION 


Hours after injection 



i 

6 

24 

48 

72 


l 

2 

3 

4 

1 A*. . . 


54.7 

81.3 


95.5 

5 A. ... 

85.3 

78.4 

91.0 

93.7 

B. ... 


■19.7 

21.7 


26.9 

B. ... 

31.6 

31.9 

30.5 

33.0 

2 A. . . . 

55.7 

71.1 

86.7 

96.7 

98.8 

6 A.... 

91.9 

81.1 

90.6 

85.3 

B.... 


17.0 

28.8 

33.3 

35.0 

B-... 

25.7 

33.0 

31.5 

33.3 

3 A 

45.3 

70.9 

84.5 

89.5 

100 

7 A. ... 

81.9 

81.8 

84.4 

91.7 

B. ... 


7.9 

24.5 

27.5 

27.9 

B. ... 

14.6 

26.5 

29.8 

29.0 

4 A. ... 

47.6 

64.7 

84.3 

93.0 

98.2 

8 A.... 

80.9 

82.1 

86.3 

85.8 

B. ... 


17.1 

20.3 

22.2 

22.7 

B. ... 

24.4 

32.1 

32.6 

35.1 


DOG 


REPEATED INJECTIONS OF 4 PER CENT 
CELATLN SOLUTION 


Days 


* A: Per cent of total injected gelatin lost from plasma. B: Per cent of total gelatin 
lost from plasma found in urine. 


In one dog (table 2), the plasma volume increased and remained elevated for 
3 days. In all of the animals the plasma volume was somewhat elevated 30 
minutes after the injection of gelatin, but in 3 dogs it had returned to approxi- 
mately the control level in 6 hours. 

Data obtained with repeated gelatin injections in a typical experiment are 
given in table 3 and a summary of data is given in table 4. 
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There is some increase in the serum gelatin concentration and in the total 
serum gelatin with repeated injections, although the per cent of the injected 
gelatin which left the plasma is of the same order as that found with a single 
injection. The fraction of the gelatin leaving the plasma and found in the urine 
was only slightly greater than with a single injection. In the normal dog there 
is little tendency for the gelatin to accumulate in the blood. When given at 
24 hour intervals the dog is able to store or metabolize gelatin with the same 
degree of efficienc 3 r as after a single injection. 

In contrast with the single injection experiments there was a consistent in- 
crease in the plasma volume with repeated injections. On the average this was 


TABLE 5 

The effect of a single injection of gelatin solutions on the total red cell volume 


DOG 

CONCEN- 
TRATION or 


1 

j HOURS AFTER GELATIN INJECTION 

SOLUTION 

INJECTED 

[ 

Con- 

trol 

i 

n 

24 

48 

72 


Zram 
per cenl 








1 

6.30 

Hematocrit reading 

44.6 


38.3 


3S.3 

35.2 



Red cell volume (ml.) 

611 


45S 


451 

395 



Per cent change from control value 


-25 


-26 

-35 



in R.C. volume 







2 

6.84 

Hematocrit reading 

46.0 

34.8 

37.0 

36.6 

35.6 

31.2 



Red cell volume (ml.) 

273 

186 

197 

179 

189 

144 



Per cent change from control value 


-32 

— 2S 

-34 

-31 

-47 



in R.C. volume 







3 

7.17 

Hematocrit reading 

50. S 

35.8 

36.4 

37.3 

37. S 

36.3 



Red cell volume (ml.) 

620 

431 

3S8 

403 

399 

433 



Per cent change from control value 


-31 

-37 

-35 

-36 

-30 



in R.C. volume 








a 10 per cent increase and it was maintained throughout the experimental period. 

There was a considerable decrease in the serum protein concentration, but 
the changes in the total serum protein were not significant. This can be ex- 
plained by the increase in the plasma volume. 

The observations reported here show that in the normal dog intravenously 
administered gelatin leaves the plasma at a rather rapid rate. This raises the 
question as to whether gelatin solutions would be very effective as a blood sub- 
stitute. Although the evidence is not very extensive, it has been shown in 
hypoproteinemic dogs and humans (7, 8) that the transfused plasma and serum 
proteins leave the blood stream very rapidly. It is possible that in shock the 
infused gelatin will not leave the blood stream as rapidly as in the case of normal 
dogs. In the case of 3 dogs in shock which received gelatin we found (unpub- 
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lished data) that after 21 hours the gelatin concentration was 48 per cent the 
concentration immediately after injection, after 19 hours 34 per cent and after 
24 hours 84 per cent. In the series reported here the average gelatin concentra- 
tion 24 hours after injection is approximately 30 per cent that found § hour after 
injection. 

The effect of gelatin wpon the total red cell volume. The effect of single injections 
of gelatin solutions (6.3 to 7.17 per cent) on the total red cell volume will be found 

TABLE 6 


The effect of repealed injections of gelatin solutions on the total red cell volume 


DOC 

DAYS 

CONCEN- 
TRATION 
OF GELA- 
TIN SOLU- 
TION 
INJECTED 

HEMA- 

TOCRIT 

READ- 

ING 

TOTAL 

RED 

CELL 

VOLUME 

CHANGE 
FROM 
CONTROL 
VALUE IN 
R.C. 

VOLUME 

DOG 

DAYS 

CONCEN- 
TRATION 
OF GEL/ 
TIN SOLU 
TION 
INJECTED 

HEMA- 

TOCRIT 

READ- 

ING 

TOTAL 

RED 

CELL 

VOLUME 

CHANGE 
FROM 
CONTROL 
VALUE IN 
R.C. 

VOLUME 



gram 
ffer cent 


ml. 

per cent 



gram 
per cent 


ml. 

per cent 


Control 

1 [ 1 

53.0 

986 


4 

Control 

3.92 

49.8 




1 


52.5 

900 

-9 


1 

3.92 

40.8 


-22 


2 

3.87 

47.5 

837 

-15 


2 

3.92 

37.7 


-34 


3 

3.87 

45.1 

774 

-22 


3 

3.92 

36.8 


-36 


4 


45.7 

736 

-25 


4 

6t 

34.4 

427 

-41 








4-11 

6t 

30.3 

365 

-49* 

2 

Control 

4.35 

48.3 

586 


5 

Control 

m 

48.5 

744 



1 

4.35 

44.7 

65S 

+12 


1 

K89 

41.5 

632 

-15 


2 

4.23 

39.3 

527 

-10 


2 

4.03 

42.5 

646 

-13 


3 

4.23 

38.5 

492 

-16 


3 

4.03 

40.7 

600 

-19 


4 


37. S 

486 

-17 


4 

6t 

36.9 

531 

-29 








4-12 

6t 

35.0 

396 

-47* 

3 

Control 

4.35 

44.2 

680 


6 

Control 

4.12 

52.4 

929 



1 

4.35 

41.1 

711 

+5 


1 

4.12 

50.5 

945 

+2 


2 

4.23 

40.0 

583 

-14 


2 

4.03 

51.1 

966 

+4 


3 

4.23 

37.3 

560 

-18 


3 

4.03 

44.8 

811 

-13 


4 


36.4 

539 

-21 


4 

6t 

41,5 

668 

-28 








4-12 

6t 

38.7 

573 

-38* 


* Determinations of the total red cell volume done 24 hours after the last injection, 
f Approximately 6 per cent by weight allowing for the estimated water content. 


recorded in table 5. There was an almost immediate decrease in the total red 
cell volume which remained practically unchanged for 48 hours. In two cases 
there was a further decrease after 72 hours. 

The effect of repeated gelatin injections will be found in table 6. In these 
experiments the concentration of the injected gelatin was approximately 4 per 
cent in contrast with the above single injections. These injections were given 
daily for 4 days. In three animals there was a slight decrease at the end of 24 
hours while in the others there was a slight increase in the total red cell volume. 
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In all animals, except no. 6, the decrease had become evident by the end of the 
second day. In most instances as the injections proceeded the diminution in 
total red cell volume was not directly proportional to the amount of gelatin 
injected. In three animals (dogs 4, 5 and 6) the injections were continued for 7 
or 8 days beyond the usual 4 day period but with approximately 6 per cent gelatin 
instead of 4 per cent gelatin. At the end of this period there was a further de- 
crease in the total red cell volume. However, this decrease was less than one 
might expect from the results with single injections of 6 per cent gelatin as vail 
be seen by comparing the data in table 5 with those on dogs 4, 5 and 6 in table 6. 

It is quite evident that the gelatin which was used in these experiments causes 
a decrease in the circulating total red cell volume. When the animals received 
repeated injections of 4 per cent gelatin the decrease was not as marked at first 
as with 6 to 7 per cent solutions. After 12 daily injections of gelatin the animals 
were not critically anemic. However, this effect must be kept in mind in inter- 
preting results obtained by transfusion with gelatin solutions after hemorrhage, 
since the mortality found may be due to the anemia rather than to an inadequate 
maintenance of blood volume. 

The cause for the decrease in total red cell volume following injection of gelatin 
solutions is not known. It is possible that the decrease may be due to hemoly- 
sis, or to increased phagocytosis of the red cells by the reticulo-endothelial sys- 
tem. Another possibility is that the size of individual eiythrocytes is decreased. 
In three animals there was no significant difference between the decrease in the 
erythroc 3 r te count and the hematocrit reading. If the size of the individual 
erythrocyte were decreased one would expect to find a greater decrease in the 
hematocrit reading than in the erythrocyte count. 

SUMMARY 

1. A procedure for the determination of gelatin in urine has been described. 

2. Following a single injection of a gelatin-saline solution approximated 50 
per cent of the gelatin left the plasma within 30 minutes. Ond traces of gelatin 
were present after 72 hours. 

3. Following a single injection of a gelatin-saline solution from 23 to 35 per 
cent of the gelatin which left the plasma ivas found in the urine. 

4. With repeated injections of gelatin-saline solutions there was some in- 
crease in the serum gelatin concentration and total amount of serum gelatin. 
The total amount of serum proteins was unaffected, but the serum protein con- 
centration decreased. 

5. Following a single injection of 6 to 7 per cent gelatin solutions there is a 
marked and almost immediate decrease in the circulating total red cell volume 
wdiich persists for at least 3 da 3 r s. 

6. During repeated injections of 4 per cent gelatin the immediate decrease 
in red cell volume did not always occur, and when it did occur it v r as not as 
marked as vdth 6 per cent gelatin solutions. With repeated injections there is 
progressive^ less effect on the total red cell volume. 
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The survey of forebrain structures by Swann (1935) and by Ghiselli and 
Brown (1938) has failed to reveal any structure essential for the olfactory dis- 
crimination between oil of anise and sheep dip (creosote). Allen (1941) has 
criticized this work on the ground that discrimination of these odors might be 
mediated alternatively by olfactory or trigeminal stimulation, but it should be 
emphasized that Swann was unable to obtain a discriminative reaction from any 
animal in which the olfactory bulbs had been destroyed. It seems certain that, 
in the concentrations used in his experiments, there was no differential trigeminal 
stimulation. 

In a careful series of studies Allen (1941 and earlier) has reported effects upon 
olfactory reactions only after destruction of the frontal lobes or of the pyriform- 
amygdaloid complex in dogs. He concluded in summing up his work (1941) 
that disturbance of the relations between the pyriform-amygdaloid complex 
and the isocortex results in a loss of discriminative reactions and that the condi- 
tioned reaction to a single odor (presence vs. absence of odor) is probably medi- 
ated by impulses which pass to the cortex by way of the anterior thalamic nuclei 
(the principal path not explored in his experiments). It is not clear from his 
data that he obtained a true olfactory defect. On the contrary, the similarity 
of symptoms after frontal lobe and pyriform lesions and the indications of occa- 
sional discrimination by animals with such lesions suggest that he was dealing 
with a more general deterioration involving disturbances of the process of 
comparison, such as have been described after frontal and temporal lesions in 
monkeys. 

Of cerebral systems intimately associated with primary olfactory centers, 
only the anterior nuclei have not been systematically investigated. Their 
cortical field is very extensive, including probably all of the infraradial and retro- 
splenial areas (Lashley, 1941) and the course of the projection fibers is such that 
the entire field has probably never been isolated from the thalamus in any 
experimental animal or clinical case. The present experiments were designed 
to test the effects of complete interruption of the radiations of the anterior nuclei 
upon a previously formed olfactory discriminative habit. 

Cortical field of the anterior nuclei. Three divisions of the anterior 
nucleus are distinguishable in the rat; the anterodorsal, anteroventral and 
anteromedial. The course and termination of their radiations has been described 
by Lashley (1941) on the basis of retrograde degeneration. The radiation of the 
anterodorsal nucleus passes forward around the fornix and through the callosal 

1 Fellow in Zoology, National Research Council. 
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fibers just in front of the thalamus to terminate in the Area retrosplenialis 
granularis. That of the anteroventral follows the same course, spreading more 
laterad, and terminates in the Area retrosplenialis agranularis. The radiation 
of the anteromedial nucleus passes forward along the mesial surface of the 
striatum to the Area infraradiata. The apparent course and termination of the 
fibers, 'as determined from lesions producing retrograde degeneration, are shown 
in figure 1. Section of the radiation results in complete disintegration of all 
neurons in the nucleus. 

Methods. Animals. Black female rats about five months old from a strain 
derived from a cross of albino with wild gray were used for the experiments. 

Training. The apparatus used for training consisted of three small blocks of 
wood, each containing a well, 30 mm. in diameter and 40 mm. deep, provided 




Fig. 1. Diagram of the anatomic projection of the anterior nuclei upon the cerebral 
cortex, d., anterodorsal nucleus; v., anteroventral nucleus; m., anteromedial nucleus; 
c.c., corpus callosum; inf., area infraradiata; pre., regio praecentralis; r.a., area retrosplen- 
ialis agranularis; ret., regio retrobulbaris; r.g., area retrosplenialis granularis; sir., corpus 
striatum; s«., area presubicularis. (Terminology of Rose, 1929.) 

Fig. 2. Sectional sketch of one of the three training boxes. The circular well is closed 
by the perforated sliding cover, s, weighted by a small lead block, w. Food or cotton 
saturated with an odorous substance is placed in the glass dish, /, in the well. The rat 
opens the cover by clawing at the perforations above the well. 


with a glass container at the bottom and with a perforated sliding metal cover 
which the rats could pull open (fig. 2) . The blocks were impregnated and coated 
with paraffin so that they could be washed and recoated to remove odors. One 
block was placed in each of the three corners of a square restraining cage, 65 bj r 
65 cm., and the rat admitted at the fourth. Milk-soaked bread was placed in 
one well and cotton with a few drops of oil of wintergreen in the others. The 
relative position of the blocks was varied in chance order in successive trials. 
The rats were given 5 to 10 trials per day until they chose the block containing 
bread and milk correctly in 28 or more of 30 consecutive trials (criterion of 
discrimination). Any attempt to open the cover of a well which did not contain 
food was counted as an error. 

Controls. Reaction to position was controlled by chance arrangement of the 
relative positions in which the three blocks were placed. Non-olfactory cues 
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from the blocks were eliminated by regular washing and placing the food in each 
of the three in succession. 

Oil of wintergreen is listed by Allen as a trigeminal irritant. Two controls 
were introduced to determine whether the rats were reacting to such stimulation 
and merely avoiding the wintergreen. a. Milk-soaked bread was added to the 
wells containing wintergreen after errorless performance had been established in 
operated animals. This led in every case to a confusion, with chance scores, 
showing that the animals had been reacting to the food odor and that they could 
detect the food odor when mixed with wintergreen. b. When discrimination 
followed the cerebral operations, the animals were subjected to a second opera- 
tion involving destruction of the olfactory bulbs. Total removal of the bulbs 
permanent^ abolished the discrimination, showing that the rats were not react- 
ing to the trigeminal component of the wintergreen stimulation. 

Operation. The animals were anesthetized with ether, the skull trephined 
near the midline on each side. A thermocautery was thrust diagonally down- 
ward and forward through the region of the genu to a sufficient depth to pass 
through the striatum, to sever the radiation of the anteromedial nucleus. A 
shallow transverse incision to the depth of the corpus callosum was also made 
above the septum to interrupt the radiations of the anterodorsal and antero- 
ventral nuclei. 

Analysis of lesions. At the termination of the experiment the brains were 
fixed in alcohol, sectioned and stained with thionin. With two exceptions, the 
animals had survived long enough to permit of total degeneration of injured 
cells, so that the boundaries of degenerated areas were cleariy defined. Sections 
through the thalamus were examined for retrograde degeneration and camera 
lucida sketches made to show the approximate amount of degeneration in each 
nucleus. 

Experimental results. Eight animals were carried through training, 
operation and postoperative tests. All gave evidence of retention of the dis- 
criminative reaction after operation. In five of the eight destruction of the 
radiation was incomplete so only the records of the three cases which are crucial 
for the problem will be reported. 

No. 1. This animal made 37 correct choices in 38 trials after 15 trials of 
training. She was then rested ten days and given preoperative retention tests, 
making no error. Operated and retested after 10 days, she gave 50 consecutive 
errorless trials in postoperative retention tests. The olfactory bulbs were then 
destroyed. Subsequent tests gave chance scores with no evidence of dis- 
crimination. 

Sections showed total degeneration of the right anterodorsal, anteromedial 
and anteroventral nuclei. About 20 normal cells per section (less than 6 per 
cent of the normal number) were found in the left anterodorsal nucleus. The 
left anteroventral and anteromedial nuclei were totally degenerated. The 
nucleus reuniens was totally degenerated on both sides and the right and left 
dorsomedial nuclei showed some degeneration. The anterior half of the septum 
was destroyed and the third ventricle much distended. 
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No. 2. Thirty-seven of 38 trials were correct after 15 trials of training. Pre- 
operative retention tests gave 10 consecutive errorless trials. She did not 
attempt to open the slides until the fourteenth day after operation, then gave 
29 of 30 trials without error. The second operation, to destroy the olfactoiy 
bulbs, failed to remove the greater part of the left. Ensuing tests gave errorless 
performance for 3 days. The rat then developed an infection of the remaining 
bulb and the score fell to chance. 

Sections showed total degeneration of the anterodorsal, anteroventral and 
anteromedial nuclei and of the nucleus reuniens on both sides. There was also 
extensive degeneration in the median division of the nucleus ventralis. The 
dorsal margin of the septum was destined. 

No. 8. After 22 trials of training 40 errorless choices were made in 42 trials. 
The operation followed without the usual preoperative rest period. Following 
operation the animal had to be force-fed for several daj 7 s and did not attempt to 
open the boxes until the twentieth day after operation. She then gave 39 cor- 
rect responses in 42 trials. The olfactory bulbs were next destroyed. Subse- 
quent training gave only 4 errorless in 40 trials, with no evidence of improvement. 

Sections showed the anterodorsal, anteroventral, anteromedial and reuniens 
nuclei totally degenerated on both sides. The dorsal part of the medial division 
of the ventral nucleus and the mesial portion of the lateral nucleus also showed 
bilateral degeneration. The septum was entirely destroyed and there was slight 
invasion of the dorsal convexity of both hippocampal lobes. 

These three cases give crucial evidence of the persistence of olfactoiy dis- 
crimination after interruption of the cortical radiations of the anterior nuclei. 
In numbers 2 and 3 all neurons of the anterior group had disappeared and in 
number 1 there were only a few possibly functional cells in the left anterodorsal 
nucleus. All of the animals discriminated accurately after the cerebral opera- 
tion. Numbers 1 and 3 lost the habit after destruction of the olfactoiy bulbs 
and number 3 failed to reacquire it within twice the amount of training required 
for original learning. In number 2 the discrimination persisted after partial 
destruction of the olfactory bulbs but disappeared with infection of the remaining 
olfactory tissue. Thus it is clear that the discriminative reaction was mediated 
by the olfactory bulbs and that it was not abolished by total degeneration of all 
neurons in the three divisions of the anterior nucleus. 

In the remaining five animals there was less extensive degeneration in the 
anterior nuclei, ranging from the persistence of a few normal cells in both 
anterodorsal nuclei to the preservation intact of one anteroventral nucleus. 
Their behavior was completely consistent with that of the three reported above. 

Discussion. By analog} 7 with other senses one would expect to find an 
olfactory area in the isocortex essential for the most highly specialized dis- 
criminative reactions, with more primitive sensorimotor reactions mediated by 
thalamic or other subcortical mechanisms. The anatomic connections of the 
anterior thalamic nuclei have led Herrick (1931) and Kappers, Huber and Crosby 
(1936) to ascribe to these structures the correlation of olfactory with general 
somatic reactions. The cortical field of the anterior nuclei is extensive; equal 
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in area to the visual, auditory, or somesthetic fields, and has as yet no demon- 
strated function. There is therefore good reason to anticipate olfactory loss 
after total elimination of this system. The present experiments, however, have 
not revealed any disturbance of olfactory function after section of the radiations 
and total degeneration of the cells of the anterior nuclei. They suggest that 
the system is not involved in olfactory functions. It should be pointed out, 
however, that the stimuli used were intense and perhaps simple. The olfactory 
apparatus of macrosmatic animals seems to be specialized for differentiation of 
organic odors to which man is relatively insensitive, and experiments with such 
substances as stimuli must be carried out before final conclusions concerning the 
olfactory functions of the anterior nuclear system are justified. 

SUMMARY 

Olfactory discrimination of rats was tested after interruption of the cortical 
radiations of the anterior group of nuclei. Discrimination between the odors 
of oil of wintergreen and of bread and milk was not disturbed by total bilateral 
degeneration of the anterodorsal, anteroventral and anteromedial nuclei, with 
additional involvement of the septum. Removal of the olfactory bulbs perma- 
nently abolished the discrimination, showing that the reaction was based upon 
olfactory and not trigeminal stimulation. 
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The possibility of the surgical repair of patent ductus arteriosus (botalli) in 
human beings, first successfully demonstrated by Gross and Hubbard (5), has 
stimulated renewed interest in this condition. When a patent ductus arteriosus 
is present, the abnormal shunting of blood from the aorta to the pulmonary artery 
leads to a train of pathologic changes particularly in the heart and the large 
arteries. It is not the purpose of this paper to discuss arteriovenous aneurysms 
in detail but there are two important differences between patent ductus arteriosus 
and peripheral arteriovenous fistula to which attention may be called: 1, the 
output of the right and that of the left ventricle is unequal in the presence of a 
shunt between the aorta and pulmonary artery but is equal in peripheral arterio- 
venous fistula, and 2, in patent ductus arteriosus the increased volume flow is in 
the pulmonary circulation alone while in arteriovenous fistula an increased 
volume flow occurs in both the systemic and pulmonary vessels. A condition 
similar to patent ductus arteriosus in man may be produced experimentally in 
dogs by lateral anastomosis between the aorta and the left pulmonary artery. 
It may also be produced by end-to-side anastomosis of the left subclavian artery 
to the main or left pulmonary arteiy (2). 

The purpose of the present experiments was to determine the immediate 
effect of occlusion of a long standing experimental patent ductus arteriosus on 
the blood pressure, pulse and cardiac output of the right ventricle and of the left 
ventricle in dogs. Additional experiments dealt with the immediate effect on 
the cardiac output of the right ventricle only of an experimental ductus. 

Method. Large dogs fed on kennel ration supplemented with meat were used 
in all instances. Food was withheld before any procedure was performed. The 
operations were performed under sodium pentobarbital anesthesia administered 
intravenously with air given intratracheally under positive pressure. The fourth 
or fifth left intercostal space was opened. The vessels were occluded by rubber- 
shod clamps and a side-to-side anastomosis was made between the aorta and 
the left pulmonary artery. In a similar manner an end-to-side anastomosis was 
made between the left subclavian and the left pulmonary arteiy after ligation 
distally of the left subclavian artery. 

Preliminary deteimination of the cardiac output was done without anesthesia 
one or more da} r s before the operation in most of the cases. A grain of morphine 
was administered and the consumption of oxygen was deteimined by means of 
the Benedict-Roth spirometer. Samples of blood were obtained under oil 

1 Aided by a grant from the Christine Breon Fund. 
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from the right ventricle and from the left ventricle or femoral artery. Potassium 
oxalate was the anticoagulant. The oxygen consumption was determined 
before each operation with the animals under anesthesia and again after the 
operation was completed and the chest closed. While the chest was open, speci- 
mens of blood were obtained from the aorta, from the pulmonary artery at 
various sites, and sometimes from the right ventricle. The oxygen content of the 
blood was determined manometrically in duplicate on samples of 2 cc. each 
using the Van Slyke-Niell apparatus (10). The output of the right ventricle 2 
was calculated by the Fick principle (3). In each instance where it was possible 
the output of the left ventricle was also calculated using the oxygen content of 
mixed aortic and pulmonary artery blood taken from the pulmonary artery in 
the Fick formula. 

The blood pressure was obtained by inserting into an artery a needle eonnected- 
with a mercury manometer. This gives a determination near the mean blood 
pressure. 

Results. Eight experiments were performed on seven dogs. In five experi- 
ments the animals were maintained for a long period of time and, in three, only 
the immediate effects of an experimental patent ductus arteriosus were observed. 

Following the establishment of a fistula between the aorta and pulmonary 
artery a turbulent stream of blood from the aorta flowed into the pulmonary 
artery creating a loud murmur and a thrill so pronounced that it vibrated 
strongly against the palpating finger. The pulse increased in rate and became 
collapsing in type, resembling the Corrigan pulse of aortic insufficiency. A 
capillary pulse was observed in the extremities and a pistol shot sound could 
be heard over the femoral arteries. The murmur was loud, continuous and 
machinery-like, with systolic accentuation, best heard posteriorly in the second 
intercostal space, with the animal lying in a supine position. 

In five experiments a fistula between the aorta and pulmonary artery was 
maintained for 48, 49, 90, 903 and 1 109 days respectively. All but one of the ani- 
mals (no. 2) had an arterio-arterial opening established by side-to-side anastomosis 
between the aorta and the left pulmonary artery. In no. 2 an end-to-side 
anastomosis between the left subclavian and the left pulmonary artery was 
performed. One animal (no. 4) killed three years after operation had the largest 
persistent opening into the pulmonary artery, measuring 4 by 5.5 mm., as well 

2 When the cardiac output is determined by the Fick principle in normal dogs the outputs 
of the right and left ventricles are equal and the determination is considered to be that of 
either ventricle. When a ductus arteriosus is present, however, the output of the left ven- 
tricle is necessarily greater than that of the right ventricle since the left ventricle must 
expel not only the peripheral blood flow (which returns to the right auricle and ventricle 
and constitutes the right ventricle output) but also that portion of the left ventricle output 
which passes through the ductus into the pulmonary circulation and returns to the left 
auricle and ventricle to be expelled again. When the cardiac output in subjects with a 
patent ductus is determined in the usual manner by the Fick principle using mixed bloo 
from the right ventricle and arterial blood the value obtained is the output of the r >6 ^ 
ventricle. To determine the cardiac output of the left ventricle in these subjects J 
the Fick principle, mixed blood must be obtained from the pulmonary artery. 
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Effects of occlusion of chronic experimental ductus arteriosus 
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as the loudest murmur. The opening in no. 3 was 2 by 1.5 mm. With one 
exception the dogs remained in excellent condition. Number 3 gradually lost 
2.1 kgm. in weight over a period of 14 months and suffered a mild degree of 
anemia; the hemoglobin was 80 per cent, the red blood cell count 5.44 million 
and the cell volume was 41 (Wintrobe). None of the dogs developed peripheral 
edema or symptoms of cardiac failure; the venous pressure was not elevated, anc 
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no great deviation from normal was observed in the mean blood pressure. In 
these experiments the ductus was occluded from 3 to 27 min utes and measure- 
ments of the circulation were made before and after the occlusion (table 1). 

Included in table 1 are the calculated values of the cardiac output of the 
left ventricle. These were calculated by the Tick formula from samples of 
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mixed blood of the aorta and the pulmonary artery, obtained from the left 
pulmonary artery. The cardiac output of the left ventricle was roughly double 
that of the right ventricle and, in five experiments, the average blood 
flow through the ductus, expressed as per cent of the output of the left ventricle, 
was 46. Comparison of the oxygen content in samples of blood from the pul- 
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monary artery, as shown in tables 1 and 2, demonstrates that blood in the pul- 
monary artery is more evenly mixed in dogs in which the experimental patent 
ductus arteriosus lias been present for a long time. Samples of blood from the 
pulmonary artery can be used to calculate the output of the left ventricle with 
more accuracy in experiments of long duration rather than in acute experiments. 

. In the second group, consisting of three experiments, determinations were 
made of the cardiac output of the right ventricle and pulse immediately before 
and after establishment of an experimental ductus arteriosus. The results 
are given in table 2. The experimental production of such a fistula is attended 
immediately by the following changes in the circulation: The pulse increases 
from 20 to 40 beats per minute. Presumably the output of the left ventricle is 

TABLE 3 


Effects of occlusion of experimental patent ductus arteriosus of long standing on the pulse rate 
and the blood pressure in the aorta and pulmonary artery ( dog no. 1 ) 


TIME 

| BLOOD PRESSURE 

Pulse 

Aorta 

Pulmonary artery 


mm. Hg 

mm. Hg 


2:25 



130 

2:33 



120 

2:50 



110 

2:55 

72 proximal* 

16 proximal 


2:58 

6S distal 

18 distal 


3:03 

88 proximalf 



3:05 

80 distal 


105 

3:08 

68 proximal 



3:15 



110 

3:18 

Occlusion of ductus 


3:20 

110 proximal 

16 proximal 


3:22 

112 distal 

16 distal 


3:30 



70 




— 


* Refers to insertion of needle of blood pressure instrument proximal or distal to opening 
of ductus. 

t Blood pressure in femoral artery was 110 mm. Hg at this time. 


increased by the flow of blood through the ductus, which returns to the left 
auricle and ventricle. This value was not determined for the reasons given 
above. The output of the right ventricle was not altered significantly. The 
average increase in the oxygen content of the arterial blood in the three experi- 
ments was approximately 4 per cent. This increase is at least a partial mani- 
festation, however, of an increased metabolism resulting from the anesthesia 
and operation. 

In four experiments the pulse, and blood pressure in the aorta and pulmonary 
artery were recorded before and after occluding the experimental patent ductus 
arteriosus and the results were identical in each. The results of a typical ex- 
periment are given in table 3. It is seen from the table that occlusion of an 
experimental ductus is followed by a sharp rise in the blood pressure in the aorta, 
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a slowing of the pulse and no essential change in the blood pressure in the pul- 
monary artery. * 

The determinations of the consumption of oxygen before and immediately 
after operation, with the animals under anesthesia, indicate an increase in the 
consumption of oxygen. For this reason, the average consumption of oxygen 
was used in the calculations rather than the basal consumption of oxygen. Basal 
conditions were not approached except when the preliminary determinations of 
the cardiac output were obtained. The factors of anesthesia and operation 
served to increase the consumption of oxygen and the cardiac output, but the 
comparison between the output and other determinations made before and 
after occluding the patent ductus arteriosus is considered to indicate accurately 
the effects of such occlusion. 

Discussion. The immediate effects of occlusion of a chronic experimental 
patent ductus arteriosus (tables 1 and 3) are 1, an increase in the systemic arterial 
blood pressure; 2, a slowing of the pulse, and 3, a decrease in the cardiac output 
of both ventricles. The blood pressure in the pulmonary artery changes little 
and remains well below one-third that in the aorta. 

The immediate increase in the blood pressure in the aorta, following the 
closure of the ductus arteriosus necessarily follows diversion of the entire output 
of the left ventricle into the aorta distal to the occluded ductus. 

The cardio-inhibitory reflex mechanisms mediated by the vagus nerve and 
carotid sinus result in a slowing of the pulse and a reduction in the minute volume 
output. The output of both ventricles becomes equal when the ductus arteriosus 
is occluded, and is reduced from 14 to 66 per cent of the original value in the 
case of the right ventricle and from 55 to 85 per cent of the left ventricular out- 
put. The average reduction in the cardiac output of the left ventricle was 74 
per cent and that of the right ventricle 44 per cent. 

A factor in the slowing of the pulse following occlusion of an experimental 
ductus arteriosus might be the suddenly decreased output of the left ventricle. 
Grollman (4), in a discussion of arteriovenous aneurysm, stated, “The brady- 
cardia phenomenon refers to the drop in pulse rate observed on occluding the 
arteriovenous communication. This drop in pulse rate might be looked upon as 
a concomitant of a decrease in cardiac output. Lewis and Drury (9) explain it 
as a result of an increase in vagal tone. In view of the studies [of Harrison, Dock 
and Holman, (6)] the first mentioned explanation seems more likely.” 

The decrease in cardiac output after occlusion of the ductus is accompanied by 
a marked degree of deoxygenation of blood samples taken from the pulmonary 
artery, compared to the oxygen content of samples of blood from the aorta. 
The latter changes little as long as the animals receive an adequate supply of 
oxygen through the intratracheal catheter. 

The depression of the cardiac output following occlusion of the ductus arterio- 
sus persists for more than a few minutes as illustrated by the experiment (no. 2) 
in which samples of blood from the pulmonary artery and the aorta were obtained 
12 and 27 minutes after the ductus was occluded by a clamp and the cardiac out- 
put determined. 
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There was no pronounced change in the blood pressure in the pulmonary 
artery following occlifsion of the experimental ductus arteriosus. This is in 
accordance with the previous findings of Levy and Blalock (8) who connected 
the left pulmonary with the left subclavian artery in an end-to-end anastomosis. 
The blood pressure in the pulmonary artery remained at a low level, a result con- 
sistent with a low peripheral resistance in the lung. 

In dogs with experimental patent ductus arteriosus blood flows from the 
aorta into the pulmonary artery rather than the reverse. This is demonstrated 
by the elevated content of oxygen in samples of blood obtained from the pul- 
monary artery near the ductus arteriosus, compared to the oxygen content of 
samples of blood from the right ventricle or pulmonary artery near the semilunar 
valves, when the experimental ductus arteriosus was open (tables 1 and 2). 
This would be expected in view of the difference in pressures in these vessels 
indicated in table 3. 

The flow of blood through the ductus arteriosus is a considerable fraction of 
the output of the left ventricle. According to the determinations in man and 
experimental dogs, made by Eppinger, Burwell and Gross (2) by means of the 
Fick principle, and by the acetylene method employed by Keys (7) in man, the 
volume flow of blood passing through the ductus arteriosus amounts to one-third 
of the output of the left ventricle in average cases and to one-half in severe 
cases. The determinations of the flow through the ductus arteriosus in the 
present experiments, ranging from 39 to 53 per cent, agree with these figures. 

The changes in the circulation immediately following occlusion of an experi- 
mental arterio-arterial fistula between the aorta and the pulmonary artery are 
of interest in connection with the surgical operation for ligation of patent ductus 
botalli in man. Dolley and Jones (1) emphasized the importance of first oc- 
cluding the ductus arteriosus temporarily and watching for untoward effects 
on the cardiac action before proceeding with the ligation. Although the changes 
in the circulation which followed occlusion of an experimental ductus arteriosus 
did not result in the death of any of the experimental animals, the slowing of 
the pulse, increase in systemic blood pressure, decrease in cardiac output and 
decrease in oxygenation of mixed venous blood from the pulmonary artery are 
easily observed effects. The anesthesia employed should be one which insures 
an adequate intake of oxygen for if the subject were anoxemic or in an otherwise 
impaired condition, the effects of occlusion of the ductus might be harmful. 
In the light of these considerations, the technique advocated by Dolley and 
Jones is undoubtedly advisable. 


SUMMARY 

1. A condition similar to patent ductus botalli was produced in dogs by 
lateral anastomosis of the aorta to the left pulmonary artery and by end-to-side 
anastomosis of the left subclavian to the left pulmonary artery. 

2. Studies were made of both the immediate and late effects of production of 
the experimental ductus arteriosus on the cardiac output, pulse and content of 
oxygen in the blood. 
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3. A study was also made of the immediate effects of occlusion of chronic 
experimental ductus arteriosus on the pulse, systemic blood pressure and that 
of the pulmonary artery and the cardiac output. 

4. In the experiments of long standing the flow of blood through the experi- 
mental ductus arteriosus was calculated. 

5. The significance of the findings as related to surgical ligation of patent 
ductus botalli in human patients is suggested. 
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In this study shock was induced in non-adrenalectomized rats by ligation of 
the two hind limbs. A comparison was made of the incidence of survival among 
rats which were treated with adrenal cortical extracts and steroids, and those 
which were untreated. The results of the study were negative. 

Methods. Normal male rats of the Sprague-Dawley strain, weighing 190 
to 200 grams, were used. A short period of anesthesia was induced by the intra- 
pdritoneal injection of a solution of 18 mgm. of cyclopentenyl-allyl-barbituric 
acid sodium. The hair was clipped from the posterior half of the body. A 
ligature of strong linen thread was placed about each hind leg and held in place 
by four short stitches through the skin at the following points: 1, in front of 
the penis; 2, through the umbilical scar; 3, dorsal side, over the vertebral notch 
formed by the junction of the lumbar and thoracic vertebrae, and 4, just over 
the first caudal vertebrae. The ligatures were tightened alternately until they 
were as tight as possible. A second set of ligatures were then pla'ced in the same 
positions but were not stitched through the skin. The ligatures were removed 
after two hours and thirty minutes. By this time the animals had begun to 
recover from the anesthetic. Food and water were withheld. At the time the 
ligatures were removed, the limbs were greatly swollen and congested with blood. 
Although the swelling and congestion were relieved to some extent following 
removal of the ligatures, the animals gradually lost the appearance of vigor and 
became prostrated. The incidence of survival for 24 hours was the criterion 
used to judge the therapy. 

The adrenal cortical extract was prepared from beef adrenal glands. In 
experiment 1, each dose of extract was administered in 1.0 cc. of physiologic 
saline and each dose of the crystalline compounds was administered in 0.5 cc. 
of sesame oil. In experiment 2, an adrenal cortical extract, from which all 
traces of epinephrine had been removed, was administered in 0.5 cc. of sesame 
oil per dose. A control solution was prepared by dissolving physiologically 
inert material from adrenal extracts in sesame oil so that its appearance matched 
that of the active extract. The control animals received 0.5 cc. of this solution 
per dose. All test substances were given by subcutaneous injection at the time 
the legs were ligated and again six hours later. 

The selection and matching of the rats with the test substances was by the 
following procedure: For experiment 1, a pack of cards, containing all the pos- 
sible matchings of test substances with numbers from 1 to 5, was thoroughly 
shuffled. On each day a group of 5 rats were subjected to ligation of the limbs 
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and were then numbered from 1 to 5. A card was drawn from the, pack and the 
test substances were administered according to the matchings on the card. A 
similar procedure was followed in experiment 2, with the added precaution that 
the experimental and control solutions were tested as “unknowns.” 

Experiments and results. In experiment 1 the following substances were 
tested: adrenal cortical extract, corticosterone, 17-hydraxy-ll-dehydroeorti- 
costerone, 1 1-desoxy corticosterone acetate and a control solution of sesame oil. 
In table 1 the number of rats surviving out of each group of 20 is shown in re- 
lationship to the test substance, the size and number of doses. The difference in 
the incidence of survival of the experimental and control groups was small and, 
in the case of the .crystalline compounds, it is concluded that no beneficial effect 
was demonstrated. 

In the case of adrenal cortical extract the results were suggestive of an in- 
creased resistance to shock. However, since this extract contained traces of 


TABLE 1 

Relationship of treatment to the numbers of rats surviving out of each group of 20 animals 



DOSE 




TREATMENT 



Extract (gland 
equivalent) 

Crystals 

Number 

doses 

Adrenal 

extract 

E 

Cortico 

Doc-Ac 

Sesame oil 
control 

grams 

20 

mgm. 

0.25 

1 

7 

4 

5 

7 

5 

40 

0.50 

1 

9 

8 

10 

10 

7 

40 

0.50 

2 

12 

9 

8 

9 

6 

80 

1.00 

2 

14 

11 

10 

9 

10 

160 

2.00 

2 

11 

7 

11 

10 

9 


E, 17-hydroxy-ll-dehydrocorticosterone; cortico, corticosterone; Doc-Ac, 11-desoxy- 
corticosterone acetate. The term gland equivalent refers to the weight of the whole beef 
adrenal glands from which that dose of extract was derived. 


epinephrine and was made up in physiologic saline, the favorable results ma} r 
have been an artifact. 

Experiment 2 was a study of an adrenal cortical extract from which all traces 
of epinephrine had been removed and which was given as a sesame oil solution. 
In table 2 the number of rats surviving in each group is shown in relationship 
to treatment. The results of this experiment were negative. 

Discussion. When the results of experiments 1 and 2 are considered together, 
it must be concluded that under the conditions of these experiments, the ad- 
ministration of extracts and pure steroids of the adrenal cortex failed to increase 
significantly the incidence of survival of rats in shock. It should be emphasized 
that there are sufficient data from studies in this laboratory to show that these 
extracts and steroids rapidly exert their biologic effects when administered in 
sesame oil and that these biologic effects last for longer periods of time than were 
studied here. Although in these experiments the test animals represented a 
homogeneous group, the experimental conditions were careful!}" standardized 
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and the comparison of matched timted and control animals was made simul- 
taneously, the variability in incidence of survival among different groups was 
large. It is apparent that studies limited to the comparison of 15 to 20 pairs 
of test animals may give misleading results. 

It has been reported by Selye et al. (1) and by Noble and Collip (2) that the 
resistance of non-adrenalectomized rats to shock caused by trauma was raised 
above normal by the administration of adrenal cortical hormones. There are a 
number of other reports on clinical and experimental observations in the litera- 
ture which are relative to this problem but they will not lie reviewed here. I 
am not aware of any data which prove conclusively that the resistance of the 

TABLE 2 


The relationship of the amount of adrenal cortex extract per dose to the number of rats sxtrviving 

out of each group 


SOLUTION 

GLAND EQUIVALENT 

PER TWO DOSES 

NUMBER TESTED 

NUMBER SURVIVED 

297 

Control 

20 

8 

298 

80 gms. 

20 

6 

297 

Control 

20 

10 

298 

80 gms. 

20 

6 

297 

Control 

15 

0 

298 

80 gms. 

15 

9 

288 

80 gms. 

20 

7 

289 

Control 

20 

9 

290 

160 gms. 

20 

8 

290A 

Control 

20 

13 

292 

400 gms. 

20 

7 

293 

Control 

20 

7 


The term gland equivalent refers to the weight of whole beef adrenal glands from which 
the combined (two doses) dosage per rat w r as derived. 


non-adrenalectomized animal or of the patient lacking damage to the adrenal 
glands can be increased by the administration of adrenal cortical hormones. A 
consideration of the favorable reports of non-crucial experiments is of little 
value since there have been a number of experiments showing negative results 
which have not been published. At the present time the question must be left 
open as to whether the adrenal cortical hormones are capable of raising the re- 
sistance to stress of animals and patients having undamaged adrenal glands. 

SUMMARY 

Normal male rats of 190 to 200 grams weight were caused to develop shock by 
the ligation of the two hind limbs for a period of two hours and thirty minutes. 







ADRENAL CORTICAL EXTRACTS IN TRAUMATIC SHOCK 


463 


A comparison was made of the incidence of survival for 24 hours of rats which 
were treated with adrenal cortical extracts and with certain steroids and rats 
which were given control solutions. The results were negative. 
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Although the literature on the electric responses of ventricular muscle is ex- 
tensive (see for references Katz, 1928, and Schutz, 1936) the pattern of 
the so-called “monophasic” records is still open to question. Indeed, in recent 
years the source of those records has been attributed to the damaged, rather than 
to the normal tissue (Wilson, Macleod, Johnston and Hill, 1933; Eyster, Meek, 
Goldberg and Gilson, 1938). The present stud} 7 ' attempts an analysis of the 
pattern andesite of origin of the ventricular electrogram of the turtle. 

Method. After pithing, the heart of the turtle was excised. A quiescent 
ventricle was obtained by removal of the atrium. Three different ventricular 
preparations were employed. Two cuts were sometimes made along the two 
lateral ventricular edges, from the base to about 0.5 cm. from the apex. The 
muscle was then unfolded to yield a fiat mass with a ridge in the center, corre- 
sponding to the apical region. It was laid with the inside surface downwards 
on filter paper moist with Ringer solution and attached to a board by pins. 
One corner was left free from fixation and was connected to a torsion-spring 
myograph. This preparation will be referred to as the “unfolded ventricle.” 

In other cases ventricular strips, about 5 mm. wide, were cut perpendicularly 
to the base. One end was fixed inside a moist chamber and the other was at- 
tached to the myograph. This preparation will be designated “ventricular 
strip.” 

In the majority of the experiments only electrical recording was desired. 
The intact ventricle was then placed on moist filter paper and fixed to a board 
by pins, as in the first preparation. After placement of stimulating and record- 
ing electrodes, the muscle was covered by a large glass funnel, which ensured a 
relatively closed moist chamber. 

The electrodes were either chlorided silver needles, which rested lightly on the 
external surface of the ventricles, or else large chlorided silver plates connected 
to the tissue by an Agar-Ringer bridge followed by a moist wick. 

Single or multiple electrograms were recorded by cathode-ray oscillographs. 
Direct-coupled amplifiers were used, so that the responses were recorded without 
distortion. The input impedance of the amplifiers was high (1 or 2 megohms). 
The records correspond therefore mainly to differences of potential. The pro- 
cedure followed when recording with one lead corresponding to the stimulating 
cathode has been described elsewhere (Rosenblueth, Daughaday and Bond, 
1942). 

1 National Scholar, Harvard University. 

2 Fellow of the Rockefeller Foundation. 
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When both mechanical and electrical tracings were desired, the beam of light 
from the myograph was sent to the back of. the film which photographed the 
single oscillograph used in those observations. 

The stimuli were condenser discharges with variable voltage and with a brief 
time constant (about 0.8 msec.). The stimulating cathode was always on 
intact tissue. 

Results.. A. Electrical responses recorded from intact to injured ventricle. 
A characteristic electrogram recorded from an intact to a crushed or burned 
region is illustrated in figure 1A. The pattern is complex, that is, it exhibits 
several crests and troughs. As indicated by the numbers which label the tra- 
cing, four excursions in which the intact region becomes increasingly electronega- 
tive ( 1 , 8, 5 , and 7) are separated by three positive dips, two ( 2 and If) relatively, 




Fig. 1. Tracings of responses from leads on crushed and intact regions of a ventricle. 
In this and other figures with leads from live and injured tissue, respectively, upward 
excursions denote negativity of the lead on live tissue. The horizontal line corresponds to 
a time interval of 1 sec. 

A. Characteristic electrogram. The numbers label the successive changes of potential 
differences. The record shows atypically prominent excursions J) and 7. 

B. From above downwards, the 1st, 4th and 7th responses to a series of stimuli at the 
rate of 1 per 3 sec. 

and the other ( 6 ) absolutely positive with respect to the preexisting demarcation 
potential. 

All the waves which appear in figure 1 were not invariably present in the 
records. Excursion 7 was often unidentifiable. Less frequently the troughs 2 
and j were absent. Even more rarely the positive dip 6 was absent. The 
records then approached the theoretical monophasic single negative wave 
which has often been assumed to represent the pure ventricular electrogram. 
Since all the excursions in figure 1 were usually recognizable, however, even 
when the records were taken immediately after crushing or burning the tissue, 
they should be included in the detailed description of a typical electrogram. 

A complete electrogram, similar to that illustrated in figure 1, was found in 
the cat’s ventricle, as follows. In three cats under dial anesthesia artificial 
respiration was administered. The thorax was opened by resection of the ster- 
num. The apex of the heart was tied tightly'' and the ligature was fixed to a 
clamp, to reduce movement. The records from a lead on the tied (injured) 
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region to one at the base of either ventricle showed all the excursions in figure 1 
as soon as tested — i.e., within 2 minutes after the injury. An additional brief 
diphasic excursion preceded the component 1. This excursion is attributed to 
the propagation of the impulse in the conducting tissue, for it varied when ec- 
topic beats were obtained during vagal stimulation, while the rest of the electro- 
gram was not significantly altered. 

Additional excursions were sometimes seen in the turtles. The most common 
was a slight initial positivity or negativity, which preceded the negative swing 
1 in records taken after conduction — i.e., at some distance from the stimulating 
cathode. Since this initial deflection was never seen in records from the cathode, 
and since it was not always present in records after conduction, it is inferred 
that it is not an essential constituent of the electrogram. 

Repetitive stimulation at a rate of 1 per 2 or per 3 secs, led to striking changes 
of the electric responses. As illustrated in figure IB the responses became briefer 



Fig. 2. Invariance of the responses obtained from an intact to a crushed ventricular 
region. 

A, B and C, responses to stimuli with the cathode placed at the positions indicated by the 
corresponding letters in the diagram D. The hatched part of the diagram indicates the 
crushed region and the circles the position of the leads. 

with successive shocks. This shortening was mainly at the expense of the late 
components of the electrogram, especially excursion 5. Indeed, the early com- 
ponents, particularly 2 and 8, occurred later than in the first response, and were 
prolonged. An early appearance of the positive wave 6 is the most striking 
feature of the brief responses. 

The pattern of the electrograms was not significantly affected by the path of 
conduction followed by the propagated response in its travel towards the record- 
ing electrodes. Thus, the records in figure 2 were obtained from leads in a fixed 
position, but with the stimulating cathode at the points illustrated in the dia- 
gram. The responses are quite similar regardless of the region stimulated. 

The latency of the responses was found to increase with the distance between 
the stimulating cathode and the lead on intact tissue. Since the stimulus- 
response delay is variable and may be quite long in the turtle’s ventricle (Rosen- 
blueth, Daughadav and Bond, 1942), the following procedure was adopted for 
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these observations. Simultaneous and independent records were taken from 
a common lead on injured tissue to each of three other leads on intact ventricle. 
For any given response the latency was shorter in the record from the lead nearer 
the stimulus. Figure 3 illustrates a typical experiment. 

The latency of the responses was not influenced by the distance between the 
stimulated and the injured regions. Thus, in figure 4 the latency of the re- 
sponses recorded from three crushed regions, respective^, to a common lead 
on intact tissue is the same for the three records, although the stimulus was 
applied close to one of the crushes and relative^ far from the others. 

The duration and pattern of a given response varied for several positions of 
the leads on live tissue (figs. 3, 7 and 10). Small, brief and atypical responses 
were usually recorded from leads placed at a short distance (1 to 4 mm.) from 
the injured region (see figs. 4B, 7B, and 10). On the other hand the amplitude 



Fig. 3 Fig. 4 

Fig. 3. Independence of the records taken from a common lead on burned tissue to three 
different leads on intact ventricle. The live leads corresponding to the records from above 
downwards were 3, 6 and 9 mm. away from the burn, respectively. 

In A the stimulating cathode was 1 mm. away from the lead for the top record, in 13 it was 
near the lead of the lowest record. 

Fig. 4. Similarity of responses recorded from one common lead on live tissue to different 
leads on three separate burned regions. The stimulating cathode was near one of the 
burns. In A the live lead was relatively far from all the injured points, in B it was 2 mm. 
away from one of the burns. 

duration and pattern of a given response were practically constant when a com- 
mon lead on intact ventricle was tested against several crushed regions (fig. 4). 

B. Electrical responses recorded from two intact regions of the ventricle. As 
opposed to the records from intact to crushed tissue, which had a similar pattern 
both for a given ventricle and also from one ventricle to another, the records 
from intact to intact tissue were quite variable. Several factors could influence 
their pattern. The typical record, with the two leads about 1 cm. apart and 
aligned with respect to the stimulating 'cathode, consisted mainly of two waves, 
one initial, the other terminal (see fig. 5). In rare simple cases each of these 
waves was monophasic, the first showing electronegativity and the second 
electropositivity of the lead proximal to the stimulus with respect to the distal 
lead. More commonly, however, both waves were complex, di- or even tri- 
phasic, and their polarity, particularly that of the terminal one, was variable. 

The two main factors which modified the pattern of the records were the orien- 
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tation of the leads with respect to the wave-front of the propagated impulse and 
the recording , interelectrodal distance. The more equidistant the two leads 
from the stimulating cathode, and the shorter the distance between them, the 
briefer the first wave of the record. 

The second wave was often modified in the course of a series of responses 
elicited with relativel 3 r fast rate of stimulation and recorded with fixed leads. 
This wave then usually became briefer and its polarit 3 r could sometimes be 
reversed during the series. The phenomenon is illustrated in figure 6. 

The polarit 3 r of the second wave was usually unchanged when stimuli were 
delivered first near one then near the other recording lead. In other words 
with fixed leads a and b, a could be negative with respect to b during the second 
wave whether the stimulating cathode was proximal to a ’or to b (fig. 5). The 
first wave, on the contrary, always reversed in these circumstances — i.e., the 
lead proximal to the stimulus was mainfy negative with respect to the distal 
(fig. 5). 

BBS 

I 1 

Fig. 5 Fig. 6 

Fig. 5. Changes of the records from two leads on intact tissue produced by stimulating 
different regions of the ventricle. One lead near the base, the other near the apex. Up- 
ward excursions denote negativity of the apical, with respect to the basal lead. At A the 
stimulating cathode was near the base, and at B near the apex. The stimulus artifact was 
too small and does not appear in the records. 

Fig. 6. Changes of the records from two leads on intact tissue in the course of a series of 
responses. Both stimulating and recording electrodes were in fixed positions. A, begin- 
ning, and B, 8 sec. later, end of series. 

. Records from intact to intact tissue have commonty been attributed to the 
algebraic summation of the electrical events taking place under each of the leads. 
Figure 7 shows responses recorded between two leads on intact tissue and from 
these to another at a crushed region. It is quite clear that the record from live 
to live tissue is the algebraic sum of the other two. Indeed, when the records 
were projected through a photographic enlarger and corrected for the slight 
differences in the gain of the respective amplifiers an accurate summation was 
obtained. 

This method afforded a means to test how strictly similar were the responses 
from a lead on live tissue to two different crushed regions. If the two records 
were quite similar no deflections should be recorded between the two leads on 
crushed tissue. Although as a rule there were slight differences, occasionally, 
as shown in figure 8, the two electrodes on dead tissue remained practical^ iso- 
potential throughout a response, even when the stimulus was much closer to one 
of the crushed regions than to the other. 
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C. So-called unipolar leads. The method of recording from one localized lead 
on the surface of the ventricle to another electrode in the body of the animal or 
in the Ringer solution partially bathing an excised heart was used by AVilson 
cl al. (1933) and by Eyster el al. (1938). It was considered interesting, therefore, 
to compare the results from this mode of recording with those reported above. 

All our observations agree with the inference (see discussion below) that the 
external electrode is equivalent to a diffuse lead applied to a large fraction of 
the ventricular surface. The influence of the position of the leads on live tissue 
with respect to the stimulated region was less striking with the external leads 
(figs. 9 and 10) than with those applied to a localized region (fig. 3), as would be 
expected from a diffuse lead, but it was clearly recognizable. 
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Fig. 7 Fig. 8 Fig. 9 

Fig. 7. Algebraic summation of two records from one injured to two intact regions yields 
the record from intact to intact regions. The two upper records correspond to a lead at a 
burned region and each of two separate leads on live tissue. The lower record is from the 
two leads on intact tissue. In A both live leads were well away from the burn. In B the 
lead corresponding to the upper record was near the burn. 

Fig. 8. Negligible differences of potential recorded from two leads on burned ventricle 
although the stimulus was applied close to one and far from the other burn. The two 
upper records are from each of the burns to a common lead on live tissue. The lower 
record is from the two burns. 

Fig. 9. Differences between records obtained from a common localized lead on live ven- 
tricle to 3 different electrodes placed in contact with Ringer solution bathing the heart 
partially. For explanation see text. 

In figure 9, three external leads are tested against a single localized lead on 
live tissue. Only the beginning of the records is shown. The upward excursion, 
simultaneous in the three records, signals the arrival of the impulse at the local- 
ized lead. The external lead corresponding to the top record was on the side 
of the heart proximal to the stimulated region. The initial downward excursion 
is more prominent in this record. The lowest record is from The external lead 
on the opposite side of the ventricle. The initial downward excursion is slow 
and small. The middle record, from an external lead in an intermediate posi- 
tion, shows likewise intermediate features of the first excursion. 

In figure 10 a lead on burned tissue is referred to an external lead (top record) 
and to two localized leads on intact tissue, one (middle record) 3 mm. distant 
from the burn, and the other (lowest record) 6 mm. away. The stimulus was 
applied 15 mm. away from the burn. The three records differ in latency, in 
pattern and in duration. 
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D. The influence of veratrinc on the electrogram.. The negative after-potentials 
of nerve (Graham, 1930), of the superior cervical ganglion (Rosenblueth and 
del Pozo, 1942a) and of striated muscle (Rosenblueth, Wills and Hoagland, 
1941), are all markedly increased by veratrine. Observations were made, 
therefore, to see whether any of the components of the ventricular electrogram 
would be similarly increased by this drug, thus indicating an analogy with the 
negative afterpotential of the structures mentioned. 

Veratrine (0.5 to 1 mgm.) was injected into the atrium in some animals, before 
excision of the heart. Although the doses of the drug used were sufficient to 
cause the appearance of rhythmic activity in some of the ventricles tested, in 
no case was there a significant increase of any of the components of the electro- 
gram. The records from the veratrinized ventricles were quite similar to those 
obtained from the normal muscles. 
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Fig. 10 Fig. 11 


Fig. 10. Differences in the records from a lead on burned tissue referred to an external 
lead on the Ringer solution partially bathing the preparation (top record) and to two 
localized leads on intact tissue, respectively. One of the latter electrodes (middle record) 
was 3 mm. away from the burn, the other (lowest record) 6 mm. away. 

Fig. 11. Changes in the electrical and mechanical responses in the course of a series of 
stimuli. Unfolded ventricle (see Method). Upper record: electrogram; lower record: 
isometric mechanogram. One of the recording leads was on the part of the ventricle which 
registered mechanically, the other lead was on a crushed part, 5 mm. away. A, 1st re- 
sponse; b, 4th response; and C, the last 4 responses in a series of 10. 

Similarly negative results were found in the three cats studied (p. 465). In- 
jections of veratrine (1 to 2 mgm. per kgm.) did not modify the electrograms 
significantly. 

E. The relations between the electrical and mechanical responses. Since this is 
a point which has been abundantly studied (see Sehiitz, 1936), only incidental 
observations were made, with the limited purpose of seeing whether any of the 
components of the electrogram would show variations parallel with those in the 
mechanical events. 

Efforts were made to obtain the electrical records from the region of the ven- 
tricle which was registering mechanically. This was not feasible in the strips 
of muscle, since the electrical record was relatively localized, whereas the whole 
strip contributed mechanically. In the unfolded ventricles (see Method), on 
the other hand, the contractions recorded were mainly those from a small part 
of the ventricle and the electrical responses were led from one electrode on that 
part and the other about 0.5 cm. away on a crushed region. 
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The beginning of contraction coincided usually with the excursion 8 (fig. 1) 
of the electrogram. There was no correlation, however, between the beginning 
of relaxation and any of the electrical events. Indeed, when a series of beats was 
elicited at rates of 1 per 2 to 1 per 5 secs, the electrical and mechanical responses 
varied independently . As shown in figure 11, both electrical and mechanical 
events became briefer, but the contractions shortened more at first whereas the 
electrograms shortened more than the mechanograms later in the series. 

The only electrical phenomenon that showed any correlation with the ampli- 
tude of contraction was the positive swing 6 (fig. 1). This correlation was very 
striking in the only two ventricles studied which exhibited alternation of con- 
tractions when stimulated at a rate of about 0.7 per sec. The large mechanical 
responses coincided with a large 6 in the electrogram, whereas the small contrac- 
tions were attended by only a small 6 (fig. 12). 
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Fig. 12. Alternation of the mechanical responses after veratrine (0.5 mgm. into the au- 
ricle, before removal of the heart). Lower tracing: mechanogram. Upper tracing: mono- 
topic electrogram. Note the alternation of component 6 (see fig. 1). The record begins 
with the second stimulus in a series. 

Discussion. I. Some problems of electrical recording. The terms mono- 
phasic and diphasic are often employed to distinguish records obtained from 
intact to damaged tissue and those led from two intact regions. As has often 
been pointed out, these terms are ambiguous. Strictly speaking a monophasic 
record is one exhibiting a single unidirectional wave. No tissue has so far .yielded 
such a record. The so-called monophasic record of nerve exhibits several com- 
ponents, some negative, some positive (see Gasser, 1937); it is therefore not a 
monophasic, but a polyphasic record. 

A fundamental question in the studj^ of the electrical behavior of any cell or 
tissue is the determination of the potential changes during activity at an ideally 
isolated small region. These changes can be referred to a local system of co- 
ordinates, e.g., from inside to outside the cell, and also to an ideal indifferent 
lead on inactive tissue. The term monopolar, often used to characterize a mode 
of stimulation, might be used to describe the records which would answer that 
question. But the term monopolar is a misnomer, for records, like stimuli, re- 
quire two poles — two electrodes. We propose, therefore, to use the term 
“monotopic” to designate a record which is representative of electrical events 
at a small region of a tissue. 

II. The site of origin of the electrical changes recorded from an intact to an injured 
region. The classical view is that those records are due to changes in the intact 
region of the ventricle to which the lead is applied. As already mentioned, 
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however, Wilson et al. (1933) and Eyster et al. (1938) have suggested that the 
source of the potential changes is the damaged region. 

This suggestion is based mainly on observations made with so-called unipolar 
records. As pointed out (see figs. 9 and 10), however, this procedure is equiva- 
lent to leading directly from one localized to another diffuse lead on the ventricle 
(p. 4G9). The external lead is not an indifferent lead. At best it indicates the 
average potential, but this average can fluctuate widely depending on the electri- 
cal events in the tissue. 

The following arguments are against the view that the injured tissue, or the 
immediately neighboring regions, are the source of the responses recorded. The 
same arguments support the opposite view that the source is the intact muscle. 
It is highly improbable that dead tissue should respond, even when attached 
to live tissue. In analogy with what occurs in nerve, one would expect not only 
that the dead tissue should be inactive, but also that the muscle in the neighbor- 
hood of the injured region should be depressed. In accord with these expecta- 
tions, when records are taken with two localized leads, the closer the electrode 
on live tissue is to the injury, the smaller and briefer the response (see figs. 
4B, 7B and 10). 

If the responses with localized leads from injured to intact regions were mainly 
due to events at or near the damaged area (Eyster et al., 1938), then the records 
from one injury to different intact points should have a constant latency and 
duration, regardless of the point stimulated, but this is not the case (figs. 3, 7 
and 10). On the other hand, significant differences of latency and duration 
would be expected when leading from several injured regions to one intact por- 
tion, but this is also not a fact (figs. 4 and 8). When the stimulus is applied 
near one of several injured portions and leads are taken from two of them, asyn- 
chronism would cause marked deflections in the record if the source of the re- 
sponses were at the injury, but the records exhibit only minor differences of 
potential (fig. 8). Finally may be mentioned the report of Schiitz (1936, p. 
515) that local warming of the injured region has no influence on the recorded 
responses, while local warming of the intact region to which a lead is applied 
causes the responses to become markedly briefer. 

It is inferred, therefore, that in the heart, as in nerve and skeletal muscle, the 
electric responses originate from intact, not from damaged parts. 

III. The monotopic character of the records from- intact to dead tissue. Although, 
as shown above, the electric responses originate from intact tissue, the previous 
argument does not answer the question of what parts of the tissue contribute to 
the records — i.c., whether it is only the intact region in contact with the lead 
that records, or whether other uninjured portions of the ventricle are also con- 


tributory. 

That the records are mainly monotopic, from the intact portion tapped, is 
shown by the following data. The independence of latency, amplitude and 
duration of records from different live spots (fig. 3) is in favor of that view. The 
invariance, except for latencjq of responses recorded from fixed leads and variable 
stimulated regions supports also the view (fig. 2). Finally, Schutz’s (1936) 
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observations on the action of local heating, cited above, are favorable to the 
inference. 

IV. The components of the monotopic response. It has often been assumed that 
this response should be strictly monophasic— i.e., should consist of a single, 
simple, unidirectional excursion — and that any deviations from that simple 
tracing are due to artifacts. The actual records seldom, if ever, conform with 
this ideal pattern. Their complexity has been recognized by the distinction of 
two components (see for references Katz, 1928, and Schiitz, 1936). To account 
for the 7 excursions illustrated in figure 1, at least 4 components must be assumed, 
if those excursions are not artifacts. 

Spurious waves could be due to two factors: movement artifacts and an asyn- 
chronous contribution of similar, relatively simple events at different regions of 
the muscle, specifically the regions in the neighborhood of the lead on crushed 
tissue (so-called diphasic artifacts). 

The early part of the electrogram (excursions 1 and 2) preceded the mechanical 
response if the lead on intact tissue was sufficiently close to the stimulating 
cathode. This part of the electrogram took place before the propagated impulse 
reached the neighborhood of the lead on crushed tissue if the recording inter- 
electrodal distance was large and the stimulus was applied far from the crush. 
Since records similar to that in figure 1 were obtained with relatively large inter- 
electrodal distances (about 2 cm.) and with stimulation at or near the lead on- 
intact tissue it may be inferred that the early part of the electrogram is free of 
artifacts from the two sources mentioned. 

Both movement and asynchronism should be modified if, with a fixed position 
of the recording leads, the cardiac responses were started at different points by 
moving the stimulating electrodes. Hence, if the two sources of artifact men- 
tioned were significant, shifts of the stimulating electrodes should significantly 
modify the recorded electrogram. It was found, however, that the electrical 
responses did not as a rule vary when the stimulated region was varied (fig. 2). 

Movement artifacts may occur. Thus, it is likely that the initial deflection 
seen sometimes in responses recorded after conduction (p. 466) was due to move- 
ment. The responses from a given pair of leads usually changed slowly in the 
course of time, the main feature being the accentuation of the positive component 
4- Further crushing or burning in the injured region then restored the original 
pattern. This change with time is therefore probably- due to progressive healing 
of the injury — i.e., it constitutes a “diphasic” artifact. 

Since all the components in figure 1 were usually present within 1 minute 
after injury and in approximately isometric conditions, it is concluded that these 
components are genuine constituents of the monotopic electrogram. It would be 
surprising if the ventricular response were simple, for in all the tissues studied so 
far — nerve (see Gasser, 1937), striated muscle (Rosenblueth, Wills and Hoag- 
land, 1941) and smooth muscle (see Rosenblueth and del Pozo, 1942b) — the 
electrogram is complex. 

The conducting mechanism in the turtle’s ventricle is similar in its properties 
to that in nerve and in striated muscle. The first component (1) in the ventric- 



474 


A. ROSENBLUETH, W. DAUGHADAY AND D. D. BOND 


ular electrogram maj r therefore be analogized with the spike potential of the 
other tissues. Since the positive component 6 of the ventricle was found to vary 
with the degree of contraction (fig. 12), this component may be analogous to the 
positive component which varies in striated muscle with contraction (Rosen- 
blueth, Wills and Hoagland, 1941). No further analogies may be drawn, how- 
ever, with the data available. A puzzling item of negative information is the 
relative indifference of the ventricular electrogram to veratrine. Since in other 
tissues (see p. 470), a spike potential is followed by a negative afterpotential 
which increases dramatically with veratrine, the data on the heart may imply 
that the ventricle lacks this type of negative afterpotential. It is possible, how- 
ever, that this potential may exist, but that even when increased by veratrine it 
is masked by other, more prominent, negative components ( S and 5). 

V. The records from intact to intact regions. Since the records from live to 
injured regions are monotopic and correspond to the live point, it follows that 
the records from live to live leads are ditopic and correspond to the algebraic 
summation of the events at each of the two leads. This corollary is illustrated 
in figure 7. It should be pointed out, however, that an accurate algebraic sum- 
mation of the potential changes at several electrodes forming a closed loop (fig. 7 ; 
see Eyster el al., 1938) does not prove anything with regard to the source of the 
potentials recorded. What it proves is merely that Kirchhoff’s e.m.f . law applies 
to the cardiac circuit, much as it applies to any other circuit which has been tested 
so far. In other words, the potential changes between any two electrodes on the 
heart will always be the algebraic sum of the changes between these two leads and 
any number of other electrodes, so arranged that they form a closed loop. The 
applicability of Kirchhoff’s law does not give any information about the location 
of sources of differences of e.m.f. 

The analysis of the factors which determine the terminal wave of the ditopic 
elelectrogram is of significance for the interpretation of the wave T of the electro- 
cardiogram. The data indicate that the most important factor is the asyn- 
chronous termination of the electric responses at the two recording regions. This 
asynchronism might be due to the discrepancy of the beginning of the response 
at the two points, because of the time lost in the conduction of an impulse from 
one to the other. The results suggest, however, that conduction time is a rel- 
atively unimportant factor for the determination of the pattern and polarity 
of the terminal wave (figs. 5 and 6) . The most important condition, apparently, 
is the difference in the duration of the action potentials at different regions of 
the ventricle. Not only is this duration variable for different regions, but it 
may vary independently at each of them in a series of responses (fig. 6). 

The complexity and variability of pattern of the terminal wave of ditopic 
records is readily understood since the terminal part of the monotopic records is 
itself complex (components 5, 6 and 7). The algebraic summation of two asyn- 
chronous simple waves would lead to a relatively simple pattern, but the sum- 
mation of complex events can lead to an intricate sequence of potential changes. 

YI. The relations between the electrical and mechanical events. Although the 
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observations on the mechanical responses were only incidental, some comments 
are justified by the data obtained. 

The correlation between the time course of mechanical and electrical events 
in figure 11 can only be approximate, because the electrical record is monotopic 
whereas the mechanical record corresponds to a relatively large portion of muscle 
whose elements respond asjmchronousty. Notwithstanding this lack of ac- 
curacy, the changes during a series of responses support the conclusion that the 
electrical and the mechanical phenomena are largely unrelated. Many other 
lines of evidence lead to the same conclusion (see Schiitz, 1936). 

Blair, Wedd and Young (1941) have proposed the hypothesis that the con- 
tractile process is released by the depolarization wave consequent to excitation 
and proceeds as long as the membrane remains depolarized. The contractile 
process would be retarded or arrested when the membrane begans to repolarize. 
The arrest would be complete by the time repolarization is complete. Thus 
polarization would govern contraction, not contraction polarization. The pres- 
ent observations do not support this hypothesis. If polarization (i.e., negativity 
of the active region) controlled contraction, then there should be a strict temporal 
correlation between the end of that negativity (component 6) and the beginning 
of relaxation. But figures 9 and 10 show that this correlation does not exist. 

It is concluded that the potential changes and contraction are largely inde- 
pendent. The spike potential (component 1) may not onty be the agent for 
conduction but may also trip the contractile process. The time course of con- 
traction is probabty governed by other factors than the potential changes. It is 
likely that one (component 6) or more of the excursions in the electrogram (fig. 
1) are the electric manifestation of the physicochemical events associated with 
contraction ; in that sense contraction maj r control polarization. It is also likely, 
however, that several of the electrical changes denote processes irrelevant to 
contraction — i.e., they may be associated with conduction and its recovery cycle. 

SUMMARY 

Evidence is presented (figs. 2, 3, 4, 8, 9 and 10) which indicates that the electric 
phenomena recorded from leads on an intact and an injured region of the turtle’s 
ventricle are due to changes which occur in the intact, not the injured part of the 
muscle (p. 472). This record may be called monotopic, to avoid the use of other 
ambiguous terms (p. 471). This electrogram exhibits several components (fig. 
1A), which may vary independently (figs. IB and 12). The significance of some 
of these components is discussed (p. 473). 

The records with leads from intact to intact tissue are influenced by the posi- 
tion of the leads with respect to the stimulated region (fig. 5). They may also be 
modified in the course of a series of responses (fig. 6). These records ma 3 r be 
called ditopic, since they represent the algebraic summation of two monotopic 
records (fig. 7, p. 474). 

The electric and the mechanical phenomena of the ventricle are largety inde- 
pendent (fig. 11, p. 475). 
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In a previous paper non-conductecl potential changes were described which 
can initiate impulses and are responsible for the automaticity of cardiac muscle 
(2). Here it will be shown that these electric changes are accompanied by active 
changes in tension which, like the former, are non-conducted and graded. Be- 
cause they are quite distinct from the all-or-none responses they will be called 
tonus changes, but they have nothing in common with the well-known tonus 
waves of the turtle’s auricle. 

Methods. Most experiments were carried out with the ventricles of turtles. 
Responses were elicited by induction shocks. The contractions of muscle strips 
(3 to 4 mm. wide, 1 cm. long) were recorded by a very sensitive isometric lever 
on a smoked drum or photographically. The preparations were immersed in 
Ringer’s solution except for the upper tip to which one of the stimulating elec- 
trodes was attached. The responses of the whole ventricle were recorded under 
isometric conditions by amembrane manometer on a smoked drum. Themanom- 
eter was connected to the ventricle by a glass tube inserted through the auricle. 
The A-V valves were removed and the large arteries were tied off at their origin. 
The whole sj r stem was filled with fluid and a side tube was provided for regulating 
the initial pressure. The natural period of the whole system was 12 vibrations 
per second. The sensitivity of the manometer was high at low pressure and 
decreased at higher pressures which made the instrument particularly suitable 
for recording weak tonus changes. 

For simultaneous recording of tension and potential the muscles were sus- 
pended in a shielded chamber above the muscle lever. The upper end of the 
muscle was inside a glass tube so that monophasic potentials could be recorded 
( 1 , 2 ). 

Results. The tonus changes following a conducted response were studied 
in two series of experiments. In the first series, the contractions of strips from 
the ventricle were recorded by an isometric lever. In the second series the 
contractions of the whole ventricle were recorded by a manometer. The results 
of both series were essentially the same, showing that mechanical injury like that 
involved in the preparation of the strips is not a necessary condition for the tonus 
changes. It was found that the tonus changes are very similar to the after- 
potentials previously described, a rise in negativity corresponding to a rise in 
tonus and vice versa. 

In a fresh preparation the tension of the muscle drops below the previous 
resting level after each contraction (fig. 1A, 2A). This phenomenon, which 
corresponds to the positive after-potential present under the same conditions 
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(2), is significant because it shows that a weak tension is actively maintained 
even in resting muscle. The transitory drop in tonus was found in all experi- 
ments with muscle strips although its magnitude was very variable. It was 
absent in two of the twelve whole ventricles used and in two others it was found 
only when the initial pressure was higher than 6 mm. Ilg. The changes in ten- 



Fig. 1. Tonus changes following responses cf a strip from the turtle ventricle recorded by 
an isometric lever. A. Muscle in Ringer’s showing decrease of tonus below previous resting 
level and slow return after response. B. Same muscle in mixture of equal parts of 1 per cent 
CaCh and Ringer’s. Temp. 23°. Calibration 2 grams. Time seconds. 



Fig. 2 Fig. 3 

Fig. 2. Tonus changes of a whole ventricle recorded by a manometer. A. Ventricle 
filled with Ringer’s, showing decrease of tonus after response. B. Ventricle filled with 
equal parts of 1 per cent CaCl 2 and Ringer’s showing oscillatory after-effect. C. Same as 
B but with higher initial pressure giving a slower relaxation. Calibration: mm. Hg pres- 
sure. Note decrease in sensitivitj r of manometer at higher pressures. Time seconds. 

Fig. 3. Oscillatory after-potentials and tonus changes recorded simultaneously from a 
strip of the turtle’s ventricle. Upper curve oscillograph record, lower curve isometric 
lever. All-or-none responses were elicited by induction shocks except the last response in 
B, indicated by +, which was initiated bj’- a local potential and was preceded by a tonus 
change. Time 1 second. 

sion or pressure following the conducted responses were always very small, but 
no mechanical defect of the recording system was found which could account for 
the observed phenomena. Slipping or leakage would have produced a drop m 
tension or pressure, but could not explain the subsequent rise. The lever used 
had a small elastic after-effect which tended to diminish the effect recorded. 
After treatment with a large excess of calcium ions the tonus becomes elevated 
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and relaxation is slower than normally, particularly at high initial tensions. In 
some cases, the tension drops markedly below the previous level after a response.' 
The most striking effect of this treatment, however, are rhythmic variations of 
pressure or tension which decrease in a regular manner and disappear after 1 
to 5 waves exactly like the oscillatory after-potentials described previously 
(fig. IB; 2B, C; 3). The electric and mechanical changes run closely parallel 
but, as expected, the former always slightly precede the latter (fig. 3). Tonus 
oscillations have also been recorded from preparations of the sinus venosus. 
They are quite distinct from the tonus waves caused b} r smooth muscle. 

Because of technical difficulties it has not been tested whether the spontaneous 
prepotentials such as the3 r occur in the sinus venosus are accompanied by tonus 
changes. However, this is probably the case because there does not seem to be 
am r essential difference between pre- and after-potentials and because in the 
ureter the tonus changes accompanying spontaneous prepotentials have been 
demonstrated. 

Discussion. It is not intended to give a full discussion of the question of 
tonus in cardiac muscle. The term is generally used to describe changes in 
“resting length” or, in other words, slow contractions which are sharply distin- 
guished from all-or-none responses. Several investigators have claimed to have 
demonstrated such a phenomenon in cardiac muscle, but it appears that the 
underlying observations can be explained as the result of variations in the com- 
pleteness of relaxation between beats caused by changes in heart rate or in the 
strength and duration of each beat (cf. 4). Such an interpretation cannot be 
applied to the tonus changes described above because single responses of quies- 
cent muscles were studied. 

It has been shown here that a small tension is actively produced and main- 
tained even in the “resting” muscle. Obviously, this tension could not have 
been distinguished from passive elastic tension as long as it remained constant. 
The presence of a tonic contraction, therefore, cannot be detected by a study of 
the mechanical properties of the muscle alone and the question whether a similar 
condition exists also in other striated muscles can only be decided by further 
studies. 

The tonus changes described may be considered as changes in the “resting” 
tension of the muscle. There is no reason, however, to assume a fundamental 
difference between this type of contraction and all-or-none responses. Both 
are accompanied by potential changes. The difference probably lies in the 
excitatory mechanism and chiefly in the presence or absence of conduction. 
That the tonus changes involve the production of mechanical energy is shown 
most strikingly in the tonus oscillations. It must be assumed, therefore, that 
tonus changes are caused by changes of metabolism. A simple explanation of 
the phenomenon would be the assumption that the resting metabolism involves 
the contractile mechanism and therebj r causes the production of a small amount 
of mechanical energy. This assumption, according to which there is onlj r a 
quantitative difference between activity and resting metabolism, is not in dis- 
agreement with our present knowledge of the chemistry of these processes. 
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The oscillations of tonus and electric potential undoubtedly express an im- 
portant property of cardiac muscle, but their nature is obscure. Although they 
resemble oscillations of simple systems, a purely physical explanation based on 
mechanical and electric forces operating at the cell surface, such as the hy- 
pothesis considered by Cole (3) for potential oscillations in nerve fibers, appears 
untenable. The fact that in muscle mechanical changes are associated with the 
oscillations shows that they do not involve merely the cell surface. Their low 
frequency, several hundred times smaller than in nerve fibers, adds another dif- 
ficulty for the application of Cole’s hypothesis to muscle. The frequency in the 
various tissues studied so far appears to be correlated with the time relations of 
their responses. The phenomenon is perhaps comparable to chemical oscil- 
lations. 


SUMMARY 

The after-potentials of cardiac muscle previously described are accompanied by 
changes in "tonus”. In fresh muscle the tension drops slightly below the pre- 
vious level corresponding to the positive after-potential observed under the same 
conditions. This phenomenon is significant because it indicates the presence of a 
tonic contraction in "resting” muscle. After treatment with an excess of calcium 
ions the responses are followed by oscillatory changes in tension. 

The tonus changes and the local potentials are probably manifestations of a 
more fundamental process, a fluctuation in resting metabolism. The mechanical 
changes are weak and hardly play any role as such. Their chief interest lies in 
their relation to the automaticity and rhythmicity of the muscle. It may be 
assumed that an increase in metabolism causes a rise in tonus and a decreased 
surface polarization. The decrease in polarization in turn may be considered 
as the last link in the chain of processes leading to the discharge of an impulse. 
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The conclusion that the adrenal plays an important role in increasing the 
resistance of the organism to shock is largely derived from experiments made 
on adrenalectomized animals. The animal deprived of adrenals is extremely 
sensitive to minor stress procedures, and rapidly develops circulatory failure 
unless cortical extract or certain adrenal steroids are promptly administered. 
Whether the circulatory failure of adrenalectomized animals and shock in intact 
animals are due to the same functional deficiency remains to be proven. The 
assumption that because cortical extract will raise the resistance of the adrenal- 
ectomized animal to that of the normal, it will also prove beneficial in the treat- 
ment of shock, presupposes that the glands of the shocked intact animal are no 
longer able to secrete sufficient adrenal hormones to meet bod 3 r " requirements. 
At present such an assumption lacks definite experimental proof. 

The available evidence concerning the therapeutic value of adrenal cortical 
hormones in shocked intact animals is highly conflicting. For example, Heuer 
and Andrus (1) found that when cortical extract was added to a plasma trans- 
fusion, the shock which follows the injection of the contents of a closed intestinal 
loop could be prevented. Likewise, Wohl, Burns and Pfeiffer (2) observed a 
beneficial effect of cortical extract, when given with infusions of physiological 
salt solution, in cases of high intestinal obstruction. However, Fine, Fuchs 
and Mark (3) reported that while desoxycorticosterone acetate (DCA) prevented 
the plasma volume decrease which occurs after intestinal obstruction, it had no 

1 The work described in this paper was done under a contract, recommended by the Com- 
mittee on Medical Research, between the Office of Scientific Research and Development 
and Princeton University. 

2 Some of the data included in this paper were taken from a thesis presented by R. R. 
Overman to the Graduate School of Princeton University in partial fulfillment of the re- 
quirements for the degree of Doctor of Philosophy. 

3 Upjohn Research Fellow. 
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clear effect in preventing fatal shock. Helfrich, Cassels and Cole (4) found that 
cortical extract administered to dogs before shock was induced by intestinal 
manipulation, greatly retarded the blood pressure decline. The same workers 
state that in experimental shock produced by hemorrhage, cortical extract 
exerted a definite bfit slight tendency to decrease the severity of the shock, 
particularly when the extract was given in conjunction with glucose and electro- 
lytes. Fine and co-workers (5), however, have recently reported inconclusive 
results with the use of extract following hemorrhage, and Huizenga cl ah (G) 
could find no evidence of a beneficial effect of extract in carefully controlled 
hemorrhage experiments. 

Cortical extract has been used in anaphjdactic shock in guinea pigs (7) and 
dogs (8), with positive results in the former and negative in the latter case. 
Perla and co-workers (9) claimed that cortical extract plus saline protected rats 
against toxic doses of histamine more regularly than would the use of saline alone. 

With regard to traumatic shock, Weil, Rose and Browne (10) found a marked 
reduction in the mortality of rabbits subjected to visceral manipulation when 
cortical extract was given, but no such effect was observed with DCA. Like- 
wise, Solve and co-workers (11) found cortical extract and certain adrenal ster- 
oids to be effective after intestinal trauma in rats, but DCA was actually harm- 
ful. Xoble and Collip (12) found a slight increase in the resistance of rats to the 
generalized trauma produced by whirling the animal in a specially designed 
drum. Wilson and Stewart (13) found that although DCA prevented the de- 
cline in plasma electrolyte concentrations following scalds, it did not prevent 
fatal shock. However, Katz and his associates report that DCA is highly 
effective in preventing shock in dogs subjected to venous occlusion (14). Corti- 
cal extract, while less potent in this respect, definitely showed a positive effect 
(15). Treatment of the shocked human patient with extract and adrenal 
steroids has not, in general, given clear cut. results and the efficacy of such treat- 
ment is in dispute (9, 1G-22). 

Evidence for the therapeutic value of adrenal hormones would seem to depend 
on the selection of a shock inducing procedure which could be standardized, and 
would yield a shock condition which satisfied three basic requirements: a. The 
shock should terminate in death in nearly all untreated control animals, in 
an interval of some 4-24 hours. On the other hand, the survival period should 
be long enough to allow injected cortical extract or steroids sufficient time to 
exert full effect, b. The trauma administered should not result in such mutila- 
tion as to necessitate the animal being kept under anesthesia throughout the 
experiment, c. The shock involved should be reversible, and hence responsive 
to therapeutic measures. We have studied three shock inducing procedures 
which seem to satisfy these criteria for testing adrenal cortical extract or steroid 
therapy. 

I. Shock following release of leg tourniquets. The release of tight tourniquets 
applied to both hind legs of a dog, after a 5 hour period of constriction, is followed 
by fatal shock in 9G per cent of untreated control dogs (23). 4 The initiating 

pn a previous tourniquet paper, This Journal 138: 15G, 1942, the diameter of tubing 
employed is erroneously given as 120 mms. This should be 12. mms. 
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factor seems to be the rapid and extensive leaking of plasma through the capil- 
laries into the tissues of the injured legs. In the first hour after tourniquet 
release, and before clinical signs of shock are apparent, there is a 40 per cent 
rise in hematocrit and hemoglobin levels, and a proportional decrease in plasma 
volume as measured by T-1824 dye technique (24). Shock, as evidenced by a 
mean blood pressure level of 75-80 mm. Hg, a decline in skin temperature, pallid 
mucous membranes and gums, and a lessening of the need for nembutal anes- 
thesia, follows within 3-4 hours. The survival periods of control animals sub- 
jected to constriction of both hind legs for 5 hours ranged from 3-27 hours, the 
average being 8 hours. 

The extract used in the experiments was a concentrate prepared in this lab- 
oratory (1 cc. = 120 grams fresh adrenal tissue) with activity such that 1-2 cc. 
daily was sufficient to maintain a 10 kgm. adrenalectomized dog in good health 
and vigor with normal serum electrolytes, blood glucose and blood pressure. 

It was recognized that single intravenous injections of cortical extract into 
an animal which was losing its plasma volume so rapidly into the injured legs, 
perhaps could not provide a blood hormone level constant or high enough to 
restore the damaged vascular bed. For example, the administration of large 
amounts of physiological salt solution by a single injection is followed by immedi- 
ate swelling of the legs, with little discernible interruption of the rise in hemato- 
crit level or amelioration of the shock symptoms (23). Even when a total of 
50 cc. of extract was given in small doses, intravenously or intra-arterially, over 
a period of hours, it did not retard the development of shock, reduce the hemo- 
concentration, or prevent death. 

The injection technique was therefore modified so that a constant source of 
extract was available to the animal after release of the leg tourniquets. A 20 
gauge needle was connected to a sterile reservoir maintained at constant tempera- 
ture, and immediately upon release of the constrictions 280 cc. of cortical extract 
allowed to drip into the jugular vein at a rate slightly greater than 1 cc. a minute. 
There was no evidence that the cortical extract so given modified the degree 
of hemoconcentration or the usual sequence of events leading to fatal shock 
(table 1, dog 1). 

Death following release of leg tourniquets can be prevented by wrapping the 
injured legs in tight bandages, covered with adhesive tape, immediately follow- 
ing tourniquet release (23). This procedure reduces the volume of plasma lost 
into the legs, and hence decreases the hemoconcentration and decline in plasma 
volume. If these bandages are allowed to remain for a sufficient length of time, 
the capillaries of the legs recover and circulation is restored. The bandages 
can then be removed without a marked increase in hemoconcentration and 
development of fatal shock. The critical period for rehabilitation of the capil- 
laries would seem to lie between 18 and 24 hours. At least, when the bandages 
were removed at the end of 24 hours, 2 of 4 dogs showed a subsequent extreme 
hemoconcentration and died in shock, and the other 2 exhibited but moderate 
blood concentration, followed by a slow hemodilution, and eventually recovered. 
An attempt to remove the bandages at the end of 18 hours in 3 additional dogs 
was followed by fatal shock in every case. 
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The bandaging technique seemed ideally suited to a crucial test of the thera- 
peutic value of cortical extract, since it lengthened the time over which ad- 
ministered hormones could exert an influence. The patency of the circulation 
in the bandaged limbs was shown by injecting the dye T-1824 into the saphenous 
vein, and recovering it within a few seconds from the jugular. A total of 50 

TABLE 1 


Non-effectiveness of cortical extract and of desoxycorticostcrone acetate in the treatment A>f 
shock following release of leg tourniquets and following muscle trauma in intact dogs 


TIME 

BLOOD 

PRESSURE 

PULSE 

HEMATO- 

CRIT 

HEMO- 

GLOBIN 

REMARKS 

Dog 1. 10.2 kgm. 

Tourniquet shock, given 280 cc. cortical extract 

10:15 a.m. 
3:15 p.m. 

7:15’p.m. 

j mm. tig 

10S 

110 

75 

ter 

minute 

130 

166 

: 180 

I 

grams 
per cent 

15.3 

16.3 

29.3 

Tourniquet applied to both hind legs 
Tourniquets released. Started infusion 
of cortical extract by intravenous drip 
Infusion completed. Dog died at 11 p.m. 

Dog 2. 13.6 kgm. Tourniquet shock, IS hour leg bandaging, given 50 cc. cortical extract 

8:00 p.m. 

j 

108 

104 

32.8 

j 

12.6 

Tourniquets released after 5 hr. constric- 
tion period, tight bandages applied. 
Given 10 cc. cortical extract intrave- 
nously at 9 p.m., 11 p.m., 8 a.m., 11 
a.m. and at 2 p.m. when bandages re- 
moved 

6:30 p.m. 

67 

190 

66.7 

19.8 

Dog died at 7 p.m. 


Dog 3. 6.1 kgm. Tourniquet shock, given 5 transfusions of 3.1 cc. plasma concentrate 
each, and 5 injections of 6.2 cc. cortical extract each 


3:00 p.m. 

100 

144 i 

37.9 

13.8 

Tourniquets released, first transfusion 

4:00 p.m. 

62 

80 i 

59.1 

21.4 

Second transfusion 

5:00 p.m. 

l 6S 

128 

56.7 j 

; 22.3 

Third transfusion 

7:00 p.m. 

63 

184 

j 60.0 

1 22.3 

Fourth transfusion 

10:00 p.m. 

i 62 
\ 

172 

j 63.6 

j 23.4 

Fifth transfusion. Dog died at 11 p.m. 


Dog 4. 6.2 kgm. Muscle trauma shock, given 70 mgm. DCA fore-treatment and 75 cc. 

cortical extract 


. 9:45 a.m. 

103 

120 

! 44.0 

17.3 

Trauma of 1000 blows completed at 10:15 
a.m. Extract in 10 cc. doses given 
half-hourly 

4:00 p.m. 

32 

20S 

J 3S.S 

17.5 

Dog died at 4:25 p.m. 


cc. of extract, in divided doses, was then given to each of 3 dogs whose hind leg» 
were tightly encased in bandages. When the bandages were removed at the 
end of 18 hours, the legs swelled, the blood concentrated, and death from shock 
ensued (table 1, dog 2). It would seem that the injected extract had neithei 
prevented shock nor hastened repair of the capillary bed in the injured legs. 
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The steroid DC A 5 was also used on a series of dogs with legs bandaged for 
18 hours after release of tourniquets. Since this hormone was in oil, repeated 
injections were made intramuscularly over the 24 hours preceding the experiment 
as a prophylactic treatment. The results were similar to those where cortical 
extract was employed, since as much as 50 mgm. DCA did not prevent shock or 
reduce the hemoconcentration when the bandages were removed. 

The possibility remained that cortical extract might be effective against this 
relatively severe type of shock only if given in conjunction with a plasma trans- 
fusion. A transfusion of 25 cc. of dog plasma per kilogram bod}' weight could 
prevent death after release of the leg tourniquets, only when given in a certain 
time sequence (23). A single transfusion, whether given immediate!}" upon 
release of the tourniquets or later when the animal was already in shock, pre- 
vented death in only a few cases. When, however, the same volume of plasma 
was divided into 5 equal portions, and injected at the time the tourniquets were 
released, and at the end of the 1st, 2nd, 4th and 7th hours thereafter, fatal shock 
was prevented in all cases tested. 

The relative ineffectiveness of the single transfusion might be explained by 
assuming that the rapid expansion of the circulating plasma volume had in- 
creased the rate of plasma transfer through the damaged capillaries, so that 
little permanent benefit would result. To test this point, a plasma protein 
concentrate was' made by dialyzing freshly prepared dog plasma until free of 
salts, concentrating it to a third its original volume under reduced pressure at 
low temperature, and adding NaCl to 0.9 per cent. A single injection of 5 cc. 
per kgm. body weight of this concentrate could not prevent death in 4 dogs 
following release of tourniquets. When the 5 cc. per kgm. was divided into 5 
injections of 1 cc. per kgm. each, and given intermittently over a 7 hour period, 
fatal shock was prevented in 4 of 5 dogs. It seems obvious that the difference 
in the efficacy of the two transfusion procedures was not merely a reflection of 
the volume administered, but depended on the time sequence with which they 
were given. 

The amount of plasma concentrate, administered in 5 equal doses, was then 
step-wise reduced until fatal shock could no longer be prevented. For instance, a 
total of 3.5 cc. per kgm. body weight allowed successful recovery of 2 of 3 dogs. 
A dose of 2.5 cc. per kgm. did not prevent death in 3 additional animals. Thirty- 
five cubic centimeters of the cortical extract was then given in conjunction with 
a transfusion of 2.5 cc. kgm. body weight in 2 dogs. Both showed hemoconcen- 
tration changes similar to those of the controls, and died in the usual interval 
(table 1, dog 3). Likewise prophylactic treatment with 70 mgm. DCA did not 
allow recovery when the fore treatment was followed with a transfusion of 2.5 
cc. plasma protein concentrate per kgm. body weight in 2 more dogs. 

It seems clear that in no case, in a series of 14 dogs subjected to a 5 hour con- 
striction of both hind legs, did either cortical extract or DCA reduce the plasma 
loss into the injured tissues, hasten the repair of the leg capillaries, allow a 

5 We are indebted to Ciba Pharmaceutical Products, Inc. for generous supplies of the 
desoxycorticosterone acetate (Percorten) used in these experiments. 
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greater retention of administered plasma, increase the efficacy of a transfusion, 
or prevent the onset of fatal circulatory collapse. 

II. Shock following leg trauma. When all faces of the thigh muscles of both 
hind legs of the etherized dog were bruised by 800-1600 rapid blows delivered 
with a light rawhide mallet, according to the technique of Best and Solandt 
(25) as modified by Gregersen and his associates (26), fatal shock followed in 
33 of 37 untreated control animals (27, 28). The survival periods ranged from 
2 to 8 hours, with an average of 4 hours. Shock induced by this procedure can 
be prevented by administering spinal anesthesia just previous to trauma, or by 
multiple injections of 4 per cent procaine into the skin and muscles of the area 
to be traumatized (27). Significant changes in hematocrit, hemoglobin, or 
serum protein levels do not occur in this type of shock, although the plasma 
volume is reduced by an average of 32 per cent. 

Cortical extract (35-70 cc.) and DCA (40-70 mgm.) were given to 10 dogs 
subjected to muscle trauma. All animals died in shock, without significantly 
prolonged survival periods. Thus cortical extract and the synthetic steriod 
DCA were without discernible effect in preventing shock produced by trauma 
to muscle masses of the hind legs. 

III. Shock following venous occlusion. The technique of Perlow and co- 
workers (29) was followed as closely as possible in this experiment. Using ether 
anesthesia, and aseptic precautions, the internal and common iliac veins of the 
left hind leg were exposed by retroperitoneal approach, and ligated. Twelve 
to 15 cc. of a freshly autoclaved, 1:20 suspension of lamp black in physiological 
saline was then injected into the external iliac vein, to block collateral circulation 
through minute vessels. It is important that the lamp black suspension be 
thoroughly shaken immediately before transferring to an oiled syringe, and also 
before injection. A ligature was placed distal to the injection site to prevent 
back flow of the injected suspension. The incision was then closed, ether 
discontinued, and the animal placed in its cage without access to water. A 
continuous and marked swelling of the leg followed. The blood pressure fell 
progressively, the pulse rate rose, and fatal shock followed in 11 of 12 control 
animals. The survival periods ranged from 5 to 17 hours, the average being 9 
hours. The hematocrit level rose slowly but progressively from an average 
initial value of 50.3 per cent to 56.2 per cent, the hemoglobin level from 17.4 
to 19.5 grams per cent, and the serum protein concentration from 6.05 to 6.29 
grams per cent. The plasma volume, determined by the T-1824 technique (24) 
on 2 dogs of this series, showed a fall from an initial value of 52.5 cc. per kgm. 
to 25.8 cc. per kgm. body weight by the time severe shock was present. Since 
this reduction is much greater in degree than might be expected from the rise in 
hematocrit, hemoglobin and serum protein levels, it was assumed that whole 
blood as well as plasma was lost into the tissues of the injured leg. This con- 
clusion was also reached by Perlow and associates on the basis of microscopic 
observation of the leg tissues (29). 

Two more dogs were then prepared in the usual manner, but they were allowed 
water ad libitum upon recovery from the ether anesthesia. Both drank freely, 
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taking 500 and 550 cc. respectively, during the course of the experiment. Hemo- 
dilution followed in both cases, but there was no apparent reduction in the leg 
swelling, and both animals died in shock in the usual time interval. 

A series of 15 more dogs was treated with DCA. Twelve of these were given 
dosage levels in the range reported highly effective by Katz and co-workers 
(14), i.e., 30-40 mgm. were given subcutaneously in divided doses at 24, 18 and 
12 hours before the experiment, and 10-30 mgm. more were given intramuscu- 
larly after the operation. Six animals of the series were allowed to take water, 
six were not. Of those not allowed water, 5 died in shock in the usual interval. 
Hemoconcentration was not significantly different from that of control animals, 
but the serum protein levels showed a slight decline instead of the usual slight 
increase. All 6 animals given water drank copious amounts (the average being 
1130 cc.) and, like the controls similarly treated, showed hemodilution. The 
serum protein levels declined from an average of 5.59 to 4.14 grams per cent. 
All animals died in shock, although the survival period of one was prolonged 
to 47 hours. 

Since the possibility remained that insufficient hormone had been given, 3 
more dogs were given 70 mgm. DCA as a prophylactic treatment over the 48 
hours preceding the experiment, followed b} r an additional 40 mgm. given over 
the first 8 hours following the operation, to make a total of 110 mgm. per animal. 
Again all dogs died in shock in the usual interval. Hence in the complete series 
of 15 animals given DCA treatment, but one dog recovered, which, when com- 
pared with survival of the control series, indicates that DCA did not protect 
against the fatal shock which follows venous occlusion of the hind limb of the 
dog, nor was the survival period definitely prolonged. 

Discussion. A study of circulatory failure in adrenalectomized dogs led to 
the suggestion that cortical extract might prove of value in the treatment of 
human shock (30). More recent study of the circulatory changes found in 
adrenal insufficiency, and of the factors involved in producing the extreme sensi- 
tivity of these animals to stress procedures, has thrown doubt upon the premise 
that this “shock-like” circulatory collapse has a similar etiology to that of shock 
seen in the animal with intact glands. The decreased resistance of the adrenal- 
ectomized animal to circulatory stress is apparently related to the loss of carbo- 
hydrate-active adrenal hormones, and is a manifestation of a break-down in the 
normal intermediary metabolism of carbohydrate in the tissues of the body 
(31, 32). This fundamental metabolic defect is reflected in a reduced capacity 
of the smooth muscles of the arterioles to maintain a prolonged contraction, 
and hence make sustained capacity adjustments at the vascular periphery. 
The capillaries likewise appear affected, becoming atonic and increasingly per- 
meable (33). Whether this effect is also due to the lowered ability of the organ- 
ism to properly metabolize carbohydrate is not .vet fully established (33, 34). 
The heart is probably also affected (35). The ability of cortical extract and the 
carbohydrate active steroids to increase the resistance of the adrenalectomized 
animal to circulator}'- stress procedures, and to revive the animal from circula- 
tory collapse, appears to depend upon the restoration of the normal metabolic 
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processes in the tissues concerned. So far as is known there is no evidence that- 
a derangement of carbohydrate metabolism is concerned in the shocked intact, 
animal whose adrenal glands are presumably functional. 

The shock resulting from release of tourniquets and that following venous 
occlusion of the leg is due chiefly, if not entirely, to local loss of blood fluid into 
the limbs with resulting reduction of circulating volume. In tourniquet shock 
the fluid lost is chiefly plasma whereas in venous occlusion much whole blood 
also goes out of the circulation. 

Shock following muscle trauma to the hind legs is due to two factors: 1, local 
fluid loss at the site of injury, and 2, nervous factors initiated by a flow of noci- 
ceptive stimuli from the traumatized area. Hence in these experiments cortical 
hormones appear ineffective in two types of shock, that due primarily to local 
fluid loss and injury of capillaries, and that due to a combination of this factor 
with nervous influences. 


SUMMARY 

1. The therapeutic value of adrenal cortical extract and of the synthetic 
adrenal hormone DCA, has been tested in intact dogs, shocked by three differ- 
ent procedures: 1, constriction of both hind legs with tourniquets; 2, trauma to 
muscle masses of both hind legs, and 3, venous occlusion of one hind limb. 
Neither extract or DCA proved beneficial in the treatment of shock resulting 
from these procedures. 

2. An explanation is offered for the discrepancy between these negative results 
obtained following use of adrenal cortical extract and DCA on shocked intact 
dogs, and the positive results obtained with these hormones on adrenalectomized 
animals. This explanation is based upon the difference in etiology of circulatory 
failure in the two types of animals. 
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Many attempts have been made to localize the respiratory center by progres- 
sive sectioning or destruction of the brain stem, by electrical stimulation, by 
stud} r of respiratory action potentials and by clinical observations (for biblio- 
graphy, see (13)). One of the most recent of these studies has been that by 
Pitts, Magoun and Ranson (13) ; they observed marked inspiratory and expira- 
tory responses in the cat following electrical stimulation of the brain stem using 
the Horsley Clarke instrument, and concluded that the inspiratory and expira- 
tory centers each occupy about 30 cu. mm. of the medullary reticular formation 
overlying the region of the inferior olives. This study led to a desire to obtain 
further knowledge concerning the actions of chemical substances introduced 
directly into the medulla, and to correlate results obtained from chemical and 
electrical stimulation at the same points. 

Methods. Cats, 2.5 to 3.5 kilos, were anesthetized with 36 mgm. of sodium 
pentobarbital per kilo intraperitoneally or were decerebrated under evipal anes- 
thesia. The supraoceipital and interparietal bones were removed and the 
vermis of the cerebellum was scooped out thus exposing the floor of the fourth 
ventricle. In some cases the tentorium was removed to facilitate exploration 
of the middle and upper pons. The cat’s head was then fixed firmly in the 
Horsley-Clarke stereotaxic instrument, in the electrode holder of which was 
fixed a fine hollow steel needle, 0.5 mm. outside diameter, insulated except at 
the tip. The needle was so arranged that it could be used both for injection of 
chemicals and for electrical stimulation. For the latter a thyratron regulated 
discharge was employed, the frequency of stimulation usually being 270/second 
and the voltage 1. 5-4.0 volts measured by a cathode ray oscillograph with the 
needle in the medulla; a large copper rod inserted in the rectum served as the 
indifferent electrode. 

A calibrated screw plunger was used for injecting chemicals; the amount in- 
jected varied from 1 to 5 cu. mm., and averaged 2 cu. mm. The chemicals most 
frequently used were sodium bicarbonate-C0 2 buffers, acids (lactic, hydrochloric, 
and carbonic), potassium chloride, acetylcholine, nicotine and strychnine. 
Blood pressure was recorded from the femoral artery by means of a mercury 
manometer. Respiration was measured by a spirometer to which oxygen was 
continuously added; C0 2 was absorbed by a cannister of soda lime between the 
tracheal cannula and the spirometer. 

1 This investigation was partly financed through the National Committee for Mental 
Hygiene from funds granted hv the Committee on Research in Dementia Praecox fount c 
by the Supreme Council, 33° Scottish Rite, Northern Masonic Jurisdiction, U. S. A. 
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A typical experiment was conducted as follows : first the position of the obex 
was carefully determined in relation to the three planes of the Horsley Clarke 
instrument. Then the needle, filled with the solution to be tested, was inserted 
into the desired point in the brain stem, the response to electrical stimulation 
was determined, 1 to 2 cu. mm. of the solution was injected, and the electrical 
response again was tried; this procedure was repeated at various spots as long 
as the cat remained in good condition. Since it was not feasible to locate all 
injection sites by serial sections in the large number of cats used (115 in all), 
the points have been charted in relation to the obex, the midline, and the surface 
of the brain stem. Since the underlying structures in the cat’s brain are re- 
markably constant in relation to surface markings if cats of fairly uniform size 
are used, it was felt that the composite picture derived from a very great number 
of surface localizations would offset the lack of more direct and precise histologi- 
cal localization. 

Results. The effects produced by electrical responses were in all respects 
similar to those reported by Pitts, Magoun and Ranson. The most vigorous 





Fig. 1. Cat. Nembutal. Spiromctric tracing of respiration. At the arrow, 2 cu. mm. 
of COs-bicarbonatc solution (pH 7.4, pCOs 200 mm. Hg) was injected into the medulla. 

responses were elicited by stimulation in the region from 1 mm. below the obex 
to 3 mm. above it. Furthermore expiratory and inspiratory areas were fairly 
sharply defined. As a rule the former were dorsal and the latter ventral; 74 
per cent of all expiratory responses were elicited by stimulation of spots 1 to 4 
mm. deep, while 78 per cent of all inspiratory responses occurred following stim- 
ulation 3 to 7 mm. below the surface of the area outlined above. 

While the usual effect produced by electrical stimulation was an apnea in the 
inspiratory, expiratory or mid position or a shifting of respiration toward inspira- 
tory or expiratory levels, the usual effect produced by chemical stimulation was 
a prompt increase in depth or in both depth and rate often amounting to marked 
hyperpnea lasting several minutes (fig. 1). Occasionally following chemical 
stimuli expiratory apneas were obseiwed and rarely inspiratory apneas were 
seen ; in some instances the typical hyperpnea was preceded by a brief inspiratory 
or expiratory apnea. The effects of chemical stimuli also differed from those of 
electrical stimuli in that the latter repeatedly produced the same effect while 
the response from chemical stimulation was not fully repeatable as a rule. In a 
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few instances, however, three injections at the same spot led to hvperpneasof 
similar duration and intensity. In general the injections produced more tissue 
damage than the simple puncture involved in electrical stimulation. This was 
attested to not only by the lack of repeatability following injections, but also 
by the appearance of edema in histological sections and by the fact that electrical 
stimulation was occasionally less effective after injections than at the same spot 
beforehand. On the other hand as many as 80 injections totalling 230 cu. mm. 
of fluid were made into one cat’s brain stem in addition to 90 electrical stimula- 
tions, and yet there was no outward change in respiration over a period of 
four hours. 


C02 - BICARBONATE 



Fig. 2. Solid bars represent the per cent positive responses to CCh-bicarbonate solu- 
tions injected into the pons, medulla and upper portion of the spinal cord. Each bar 
represents injections made at 1 mm. intervals into portions of the brain stem represented 
immediately beneath the bar. The numbers above the bars indicate the total injections 
performed at that level, irrespective of distance from midline or beloAV surface of the brain 
stem. 

The areas which yielded positive responses following chemical stimulation can 
be seen in figure 2. This region corresponds roughly to the respiratory center 
previously outlined by electrical stimulation, though the area responding to 
injected chemicals is slight^ larger, due in all probability to a spread of the 
stimulants. A sufficient number of injections has not yet been made in the re- 
gion of the pneumotaxic center to warrant any conclusions concerning its ability 
to respond to chemicals. 

It is noteworthy that although the maximal effects of both electrical and chem- 
ical stimulation were obtained from the same region, at any given point close 
correlation was not necessarily observed. Of the spots at which chemical stimu- 
lation produced marked hyperpnea, electrical stimulation produced inspiratory 
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responses in 60 per cent but at IS per cent of these points there was no response 
to electrical stimulation. Furthermore 14 per cent, of the points which were 
completely negative to chemical stimulation gave inspiratory responses when 
stimulated electrically, and an additional 14 per cent which failed to respond to 
injections yielded expiratory responses following electrical stimulation (see 
table 1). 

As shown in figure 3, one of the most effective chemical stimuli was a 1.3 per 
cent, solution of NaliCCb buffered to pH 7.4 by CO 2 so as to have a pCO* of 


TABLE 1 


TYPE or RESPONSE FOLLOWING INJECTION OF 

COj-NaHCOj solutions 

NO. OF 

j TYPE OF RESPONSE FOLLOWING ELECTRICAL 

| STIMULATION 

OBSERVATION'S j 




j Miscel- 
i laneous 

Moderate to marked hvperpnca 

S3 

: 

j per cent 

GO 

per cent 

7 

per cent 

IS 

per cent 

15 

Slight hyperpnea 

99 

i 

40 

9 

30 

20 

Depression of respiration — -Expira- 
tory response 

SO 

i 

20 

1 GO 

i 9 

11 

No change 

420 

14 

14 

55 

• 

17 




In this table are included only those experiments in which responses to electrical and 
chemical stimulation were tested at the same points. 


C02-NaHC03 418 

N 0 HCO 3 92 

ACIDS H 337 
COe-NaC! ] 102 

AC. CHOLINE | 128 _ 

5 10 15 20 25 30 35 40 45 

%0F INJECTIONS RESULTING IN RESR STIM. 

Fig. '3. Per cent of injections resulting in respiratory stimulation. This chart includes 
only injections into the medulla (2 mm. below to 4 mm. above the obex); however injections 
at all depths and at varied distances, from the midline arc included. 

250 mm. This was effective in amounts as small as 1 cu. mm. Numerous con- 
trols such as distilled water, 0.9 per cent saline, and 2 per cent saline repeatedly 
gave negative results. 

Of 750 injections of the CCVNaHCCh solution into the medulla and pons of 
65 cats (from 6 mm. below to 16 mm. above the obex), 214 (29 per cent) resulted 
in immediate mild to vigorous stimulation of respiration (see fig. 2). Of 418 
injections into the medulla alone (2 mm. below to 4 mm. above the obex) 42 
per cent were positive. The latter figures include injections at all depths of the 
medulla and at varied distances laterally from the midline; if only the injections 
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in the center of this region (corresponding to the reticular formation) are con- 
sidered, 80 per cent of the injections resulted in positive responses. 

In addition to the responses described, injections at 80 points resulted in 
temporary expiratory apnea or in a decrease in rate or depth of respiration. 
Since in 60 per cent of the cases (table 1), these same spots responded to electrical 
stimulation by similar depression of breathing, it is reasonable to suppose that 
the CCVNaHCCh solution actually stimulated expiratory neurones. 

It is of interest to note that a 1.3 per cent solution of NaHC0 3 in distilled 
water, without added CCb and having a pH of 8.0 or more, produced increase 
in rate and depth of breathing following 43 of 92 injections into the region of 
the medulla. Other bicarbonate solutions, hypotonic and hypertonic, with a 
pCOj of 100 to 300 mm. Hg and a pH of 7.4 produced similar responses. No 
consistent changes in blood pressure were observed. 

In striking contrast to these effects, acid solutions (N/1000, N/100, N/10 
h.ydrochloric or lactic acid) when injected 337 times in amounts of 1 to 5 cu. 


TABLE 2 


TYPE OF RESPONSE FOLLOWING INJECTION Or 

NO. OF 

TYPE OF RESPONSE FOLLOWING ELECTRICAL 
STIMULATION 

ACID SOLUTION’S 

OBSERVATION’S 

1 Inspiratory j 

Expiratory 

No change 

Miscel- 

laneous 

' 

Moderate to marked livperpnea 

2 


per cent 

per cent 

per cent 

Slight liyperpnea 

Depression of respiration — Expira- 

12 

i 

1 32 

16 

24 

24 

tory response 

, 78 

2S 

2S 

22 

22 

No change ! . . . . 

254 


21 

19 



In this table are included only those experiments in which responses to electrical and 
chemical stimulation were tested at the same points. 


mm. into the areas of the medulla shown to be most sensitive to CCb-NaHCCb 
solutions, produced only minimal responses: in 8 instances barely perceptible 
stimulation of respiration occurred, in 4 slight hjqierpnea occurred and in one, 
an inspiratory apnea developed. Thus acid solutions produced only 3.8 per 
cent positive responses compared with 42 per cent positive responses following 
COo-NaHCCh solutions injected into similar areas (see fig. 3). Furthermore in 
many instances, following failure of lactic acid to stimulate, injection of a CO 2 - 
NaHC0 3 solution into the same spot led to definite respiratory stimulation. In 
addition, acids often showed a definite tendency to depress respiration even m 
regions in which electrical stimulation did*not produce similar responses. In 
78 instances, acid injections led to expiratory apnea or to a decrease in rate 01 
depth of breathing, but at only 28 per cent of these spots did expiratory responses 
follow electrical stimulation and at an equal number (28 per cent) inspiratoiy 
responses followed electrical stimulation (see table 2). This differed markedly 
from the expiratory responses produced by injections of CCVNaHCCb solutions 

(see above). 
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Other acid solutions likewise failed to stimulate: saline solutions equilibrated 
with CO; at 70, 300, and 700 mm. pressure (pH 3.9-5.0) were injected 102 times 
with no respiratory responses. 

Other substances injected were: 1.2 per cent KC1 which stimulated in 12 of 
57 injections (21 per cent) but frequenth- led to depression either initially or 
following transient stimulation; 1 to 5 per cent nicotine which stimulated weakly 
in 4 of 45 injections (9 per cent) ; 1 per cent strychnine which produced 2 doubt- 
fully positive responses in S7 injections; 0.01 to 1 per cent acetylcholine, which 
in 128 injections, produced no clear cut instance of respiratory stimulation. 
Sodium cyanide, metrazol, sodium citrate, aminophylline, ether, sodium car- 
bonate and carbonic anliydrase were injected in a few experiments, all with 
negative results, but none of these was investigated sufficiently to permit definite 
conclusions to be drawn. 

Discussion. Haldane’s original concept of the specificity of CO 2 as the main 
physiological regulator of respiration has been modified several times since it 
was first suggested in 1908. The most widely accepted modification considers 
that respiration is controlled not necessarily by the level of arterial pC0 2 or 
even by arterial pH but by the internal acidity of the cells of the respiratory- 
center (5). This latter hypothesis was necessary at. the time to provide an ex- 
planation for the numerous instances in which respiration increased in the face 
of a decrease in arterial pCCb or of an increase in arterial pH; it suggested that 
though the arterial blood may become more alkaline during hemorrhage, anox- 
emia, etc., the cells of the respiratory center may actually become more acid 
and so provide the stimulus for the hyperpnea occurring under these conditions. 
Since 1925 however, the need for this conception has been progressively dimin- 
ished by important physiological discoveries which have established beyond 
doubt the existence of respiratory reflexes hitherto unknown. It is now known 
for example that stimulation of respiration may arise reflexly from the pressure 
receptors in the aortic arch and carotid sinuses (due to a fall in arterial pressure 
as in hemorrhage) or from the chcmoreceptors of the carotid and aortic bodies 
(due to a decrease in arterial p0 2 as in anoxemia) (9) or from proprioceptors of 
the muscles, tendons and joints (as in muscular exercise) (8, 2). Thus the im- 
portant exceptions to Haldane’s concept of the specificity of C0 2 can now be 
satisfactorily explained by the effects of these new reflexes and the need for 
conjecture no longer exists. Indeed Gesell, who fonnerty championed the in- 
tracellular acidity concept, recentty has reversed his previous position by ac- 
cepting arterial pH values as indicative of changes in pH within the cells of the 
respiratory cehter (6). Evidence against the “acid” hypothesis has been pre- 
sented in this paper since bicarbonate-CCb buffers usually stimulated the cells 
of the respiratory center while acid solutions rarely stimulated and often de- 
pressed the center. 

The observation that sodium bicarbonate solutions with a pH of 8.0 can stim- 
ulate respiration as vigorously as bicarbonate-CCb mixtures is not surprising in 
view of the work of Jacobs (11) who found that the CO 2 in bicarbonate solutions 
penetrates into the interior of cells much more rapidly than the HCO3 ion. 
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However the failure of C0 2 -saline solutions to stimulate in the present experi- 
ments is surprising. One explanation might be that such solutions were so acid 
that any tendency to stimulate by reason of CO» excess was offset by a tendency 
to depress by reason of excess acidity. Another explanation might lie that high 
tensions of CO 2 exerted a narcotic action, but in this case transient stimulation 
might be expected to precede the depressant effect; furthermore C0 2 -saline 
solutions with a pC0 2 of only 70 mm. failed to stimulate. It is probable that 
no simple explanation will suffice and that the situation is a complex one. It is 
interesting to note that the most favorable condition for stimulation of respira- 
tion by means of localized injections appears to be one in which the C0 2 molecule 
may penetrate to the interior of the cell while the exterior is bathed in a bi- 
carbonate solution (i.e., C0 2 -bicarbonate buffers or bicarbonate solutions). 

Since all of the concepts of respiratory control that have been proposed by 
Haldane, Hasselbach, Winterstein and Gesell have specified either the C0 2 
molecule or acidity as the specific stimulus to the respiratory center, it has be- 
come almost obligatory to interpret all new evidence in terms of C0 2 or acidity. 
However figure 3 shows quite clearly that the presence of bicarbonate appears 
to be necessary for stimulation, while the presence of a high C0 2 tension or of 
acidhy without bicarbonate does not seem to be necessary. Therefore the possi- 
bility exists that the HC0 3 ion may be a very important factor in the control 
of respiration as suggested previously (1, 4). The present experiments cannot 
be considered as conclusive evidence because of the unusual technique employed: 
cerebellum, and occasional^ cerebrum, removed; insertion of needle into me- 
dulla; injection of fluid tending to produce edema and lack of repeatability; 
sudden gush of stimulant material directly in contact with medullary cells, etc. 
However in favor of the validity of the results obtained by these unorthodox 
methods are the following facts: the responses often resembled the hyperpnea 
produced by C0 2 inhalation ; they occurred in the region of the respiratory center 
as outlined by electrical stimulation; bicarbonate solutions produced a high 
percentage of positive responses, whereas acids (including carbonic acid) rarely 
produced hyperpnea; and finally bicarbonate solutions occasionally stimulated 
respiration when injected at points which had failed to respond to injection of 
acid a moment before. 

The effects produced by injection of KC1 (transient stimulation followed by 
depression or initial depression) are similar to those previously obtained upon 
respiration by perfusion of the brain (10) and of the carotid bodies; the same 
effects have also been observed following direct application of potassium to nerve 
cells (3, 12). 

In view of the recently proposed neurohumoral concept of respiratory contro 
(G), special attention should be drawn to the fact that acetylcholine failed to 
stimulate though injected 128 times directly into the regions of the respiratoi} 
center previously shown to be most sensitive to C0 2 -biearbonate buffers. Occa- 
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sional delayed hyperpnea was observed when high concentrations of acetyl- 
choline were injected, but these can lie attributed entirely to reflexes aroused by 
a fall in blood pressure since the hyperpnea did not occur following carotid 
sinus and aortic arch denervation or when the fall in blood pressure was pre- 
vented by atropine. Attention should also be called to the point that injection 
of chemicals into the fourth ventricle (7) is not equivalent to localized injections 
into the medulla. It is probable that systemic absorption takes place more 
readily than penetration through the 5 mm. of nervous tissue that separate the 
respiratory center from the surface of the brain stem. Nicotine, for example, 
often produced respiratoiy stimulation when dropped on the floor of fourth 
ventricle but this effect was usually abolished by denervation of the carotid 
and aortic bodies. 

A final point which merits comment is the different types of respiratory re- 
sponse elicited by chemical and by electrical stimulation: chemical stimulation 
rarely produced an inspiratory apnea while electrical stimulation often produced 
intense and prolonged apneas; chemical stimulation usually led to increase in 
both rate and depth of breathing while electrical stimulation rarely did. It is 
doubtful if this can be explained upon the basis of different frequenc} 1 " or in- 
tensity of stimulation in the two cases, for varying the frequency and strength 
of the electrical stimulus over wide ranges failed to convert the apnea to a hyper- 
pnea. It is conceivable that the electrical stimulus affected predominantly 
groups of axones all of which originated from inspiratory or expiratory areas, 
while the chemical stimulus may have affected only cell bodies. Another pos- 
sible explanation is that the chemical substances spread along the needle tract 
and so reached both expiratory and inspiratory neurones simultaneously, whereas 
the electrical stimuli were more sharply localized. The explanation that seems 
most attractive is that the electrical stimulus only duplicates the result of neuro- 
nal activity while chemical stimuli act through one normal cause of that activ- 
ity, i.e., by eliciting changes in chemical equilibria within the neurons of the 
center. 


SUMMARY 

The effects of direct chemical and electrical stimulation of the brain stem were 
compared in a series of 115 cats using a modification of the Horsley Clarke 
stereotaxic instrument. Injections of minute amounts (2 cu. mm.) of C0 2 - 
bicarbonate mixtures were followed often by immediate hyperpnea, particularly 
when these were injected into the region of the respiratoiy center previously 
outlined by Pitts, Magoun and Ranson. Acids (carbonic, lactic, hydrochloric), 
injected in the same manner, rarely stimulated respiration and often led to 
respiratory depression. The significance of these findings in relation to the 
current concepts of respiratoiy control is discussed. The response to the injec- 
tion of a number of other chemicals (sodium bicarbonate, hypertonic and hypo- 
tonic sodium chloride solutions,, nicotine, strychnine and acetylcholine) was 
also tested. 
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One of the most convenient methods for the assay of the adrenal steroids and 
whole extracts is that employing the young adrenalectomized rat. In a previous 
communication from this laboratory (1) describing this method of assay, it was 
pointed out that the growth of the young adrenalectomized rats is not propor- 
tional to dosage and that “growth alone is not a satisfactory basis of assay.” 
However, there can always be determined a certain minimum dose which, 
administered by single subcutaneous injection daily for 20 days to the 4-weeks- 
old adrenalectomized male rats weighing 50 to 60 grams, is sufficient to maintain 
life in at least 80 per cent of the rats and produce an average growth of at least 
20 grams for the 20 day period. In this test the emphasis is upon survival, and 
the growth requirement only insures that the treated animals gain more weight 
than similar annuals without treatment. This criterion of survival and growth 
of adrenalectomized rats as a measure of hormonal activity of whole extracts has 
been questioned. 

Ingle (2), studying the weight changes for a period of 7 days in rats having 
an initial weight of 100 grams, observed that adrenalectomized rats treated with 
11-desoxycorticosterone acetate and rats having sham operations, made sub- 
stantial gains in weight during this period, whereas adrenalectomized rats treated 
with similar quantities of 17-hydroxy-ll-dehydrocorticosterone lost weight. 
When normal rats of 180 grams or above were treated with massive doses of 
l7-hydroxy-ll-deh3''drocorticosterone, inhibition of growdh and a definite loss 
of body weight were observed (3) . Wells and Kendall (4) reported an inhibition 
of growth in young normal rats treated with 1.0 mgm. of 17-hydroxy-l 1 -dehydro- 
corticosterone per day for 10 days. On the basis of these observations, Kendall 
has expressed the opinion (5) that the presence of this “growth-inhibiting” 
steroid in adrenal cortex extracts would mask the effect of other growih-pro- 
moting principles present in extracts and thus make the survival-growdh test 
invalid as an assay method. No studies under the experimental conditions of 
this assay method have been reported by Kendall. Also of interest in this 
respect are the observations by Ingle (2) that wffien 17-hydroxy-ll-deh3*dro- 
corticosterone was mixed w’ith 11-desoxycorticosterone the rats gained weight 
and there was no tendenc 3 r toward inhibition of growth until massive dosages 
were administered. 

In an earlier publication from this laboratory (6), it was reported that, at a 
dosage level of 1.0 mgm. per rat per da 3 r , 17-hydrox3 r -ll-deh3 r drocorticosterone 
and 17-hydrox3 r -corticosterone maintained the fife and supported growth of 
4-veeks-old adrenalectomized rats of the Wistar strain. Complete assa 3 -s were 
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not ran at that time because of the small quantity of pure steroids at hand. 
Since more of the pure substances have now been obtained, we have been able 
to investigate more completely the effect on the growth of the young rats. The 
results of these studies demonstrate that 17-hydroxy-ll-dehydrocorticosterone 
will maintain the young 4-weelcs-old adrenalectomized rats and support growth 
at dosage levels of £ to 1 mgm. per day. 

Experimental. Two separate experiments were carried out in this study. 
In each experiment, male rats of the Sprague-Dawley strain weighing 50 to 60 
grams were adrenalectomized at 28 days of age. The diet was Purina Dog Chow. 
The animals were weighed immediately before adrenalectomy and weights were 
then recorded at the same hour each daj* until the death of the animal. The 
first daily injection was administered after the operation, and the same dose 
was repeated for the next 19 days making twenty doses in all. The materials 
were administered hi sesame oil by subcutaneous injection and the concentra- 
tions -were adjusted so that the volume of oil injected was between 0.1 and 0.2 cc. 
All of the rats were housed in air-conditioned animal rooms which had a tem- 
perature range of 75-79°C. 

In experiment 1, the 17-hydroxy-ll-dehydrocorticosterone was obtained in 
this laboratory by crystallization from beef adrenal gland concentrates. Its 
identity was proved by melting point, specific rotation, analysis, ciystalline 
form, and comparison with a known standard in the muscle contraction test. (7). 
The rats were adrenalectomized by the procedure previously described (1) . The 
test substance was administered at the five dosage levels of 0.25, 0.125, 0.1, 0.067, 
and 0.05 mgm. per rat per day. For purposes of comparison similar dosages of 
a sesame oil solution of whole adrenal cortex extract were also administered. 

Experiment 2 was carried, out by one of us (D. J. I.) independently. This 
was an attempt to duplicate for the 4-weeks-old rats, weighing 50-60 grams, the 
experimental conditions used in the previously reported study (2) on 180 gram 
rats. The sample of 17-hydroxy-ll-dehydrocorticosterone used in this experi- 
ment was prepared by Dr. J. J. Pfiffner of Parke, Davis and Company, Detroit, 
Michigan and had been found by one of us (D. J. I.), in studies conducted at the 
University of Pennsylvania, to be ineffective for maintaining the growth of 
adrenalectomized male rats of 180 grams weight. Bilateral adrenalectomies 
were performed under ether anesthesia according to the method of Ingle and 
Griffith (8). Dosage levels of 1.0, 0.25 and 0.1 mgm. per rat per day were 
studied and the weight changes Avere compared to those of sham-operated rats 
and untreated adrenalectomized rats. 

Results. The results obtained by the administration of the test substances 
in experiment 1 are summarized in table 1. The results obtained by the ad- 
ministration of 17-hydroxy-ll-dehydrocortieosterone in experiment 2 are sum- 
marized in figure 1. From the results of each of the tAvo experiments it 
apparent that at dosages of £ to 1 mgm. per rat per day, 17-hydroxy-l 1 -dehydro- 
corticosterone maintained life in these adrenalectomized rats over the 20 day 
period of injection and permitted about the same amount of groAvth as effect ia c 
dosages of adrenal cortex extract. The rate of groAvth Avas not as great, how- 
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ever, as that of the non-adrenalectomized control rats (fig. 1) which were sub- 
jected to false operations. The greatest growth response was elicited by the 
highest dose (1.0 mgm.) of the pure compound. 

DrscussrON. The results clearly indicate that 17-hydroxy-ll-dehydrocortico- 
sterone is capable of supporting life and growth in 4-weeks-old adrenalectomized 
rats under the experimental conditions of the assay test, even when amounts 
are administered which are greater than those occurring in physiologic doses of 
cortical extracts. We have also carried out preliminary experiments with 
17-hydroxycorticosterone which show that this compound will also maintain 
life and support growth under the conditions of the assay test and possesses, 
likewise, an activity of S to 10 rat units per milligram. These effects are cliar- 


TABLE 1 

The effect of 17-hydroxy-ll-dehydrocorlicostcrone on the grotvlh and survival of four-weeks- 

old male rats 


SUBSTANCE 

1 

i 

1 

DAILY DOSE 

NUM- 
BER OF 
RATS 
IN- 
JECTED 

AVER- 

AGE 

SUR- 

VIVAL 

1 

1 

AVER- 

AGE 

GROWTH 

1 

! NUM- 
BER OF 
RATS 
SUR- 
VIVING 
20 

DAYS 

AVER- 

AGE 

GROWTH 

OF 

SURVIV- 

ING 

RATS 

ON 

2lST ; 
DAY 

! AVER- 
AGE 

SURVIV- 

AL 

AFTER 

LAST 

INJEC- 

TION 




days 

mlMSS 




17-liydroxy-ll -dehydro- 

0.25 mgm. 

10 

23.5 

mm 

9 

31 ! 

4 

corticosterone 

0.125 mgm. 

5 

22 

22 

5 

22 ; 

i 2 

1 

0.10 mgm. 

9 

24.5 


9 

IS. 5 

l 4 


0.067 mgm. 

13 

24.0 

16.0 

S 

21.0 

S 


0.05 mgm. 

13 

17 

12.0 

2 

18.0 

s 

Oil solution. Adrenal cor- 

0.2 cc. 16 gm. 


26 

27 

10 

27 i 

6.0 

tex. Extract 105-DBK- 

0.15 cc. 12 gm. 

4 

24 

28 

4 

28 . 

4.0 

2. 1 cc. SO gm. gland 

0.10 cc. 8 gm. 

15 

26 

32 

12 

38 

8.0 


0.075 cc. 6 gm. 


21 

13 

6 

18 

4.0 


0.05 cc. 4 gm. 

9 

23 

23 

6 

30 j 

6.0 

Sesame oil controls 

0.2 cc. 

27 

7.2 

3.4 

0 

1 

i 

“ 1 
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acteristic of active adrenal cortex extracts administered in physiologic amounts 
and of the normal secretion of the animals’ own adrenal glands which is assumed 
to include 17-hydroxy-ll-dehydrocorticosterone. Our results, therefore, offer 
evidence supporting the validity of the survival-growth method of assay as 
previously described (1) . 

Adrenal cortex extracts and pure adrenal cortical steroids influence both elec- 
trolyte and carbohydrate metabolism (9, 10). This has stimulated a great 
amount of study to develop tests for evaluating the physiologic activity of 
extracts and pure compounds with respect to these specific functions. No one 
of these tests, however, should be considered adequate in itself as an assay pro- 
cedure for measuring the biologic activity of whole adrenal cortex extracts, 
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however important it might be for following the activity with respect to one 
function. If either carbohydrate function tests or electrolyte balance studies 
are used exclusively, important fractions of the extract may be overlooked. The 
survival-growth test is responsive to the composite activity of adrenal cortex 
extracts both with respect to the known compounds and the amorphous frac- 
tions. We know of no adrenal steroid fraction which has been found active by 
other valid methods of assay which is not active by this test. It should, indeed, 
be pointed out that prolongation of the survival of adrenaleetomized animals and 
of patients having adrenal cortical insufficiency is the most important objective 
to be attained in the preparation of whole adrenal cortex extracts. A biological 
test of this property should then logically be based upon a prolongation of 
survival time. 



Fig. 1. Weight changes of 28 day old male, adrenaleetomized rats treated with 17-hydroxy" 
11-dehydrocorticosterone. 

A, sham operated; B, 0.25 mgm. daily; C, sesame oil only; D, 1.0 mgm. daily; E, 0.1 
mgm. daily. 

The reason for the discrepancy in the results obtained earlier by one of us 
(D. J. I.), using rats of 180 grams weight, and the results of the present experi- 
ments, using rats of 50 to 60 grams weight, is not understood. We have insuffi- 
cient data on simultaneous comparisons of the two weight groups and shall not 
draw conclusions at this time. 


SUMMARY 

The effect of 17 -hydroxy-1 1-dehydrocorticosterone, at daily dosage levels of 
0.05 to 1.0 mgm., on the survival and growth of 4-weeks-old adrenaleetomized 
rats was determined. It was found that the compound at doses of one-eighth 
to one milligram is capable of maintaining the rats and supporting their growth. 

Whole adrenal cortex extracts which contain 17-hydroxy-l 1 -dehydrocortico- 
sterone and similar steroids can therefore be assayed for their complete cortica 
hormone activity by the method as previously described (1). 
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As recognized in 1921 by Austin, Stillman and Yan Slvke (1), the rate of urea 
excretion is dependent on the volume flow of urine. Rehberg (11) pointed out 
that if the clearance of creatinine in man be taken as a measure of glomerular 
filtration, it would follow that urea, presumably filtered in concentration equal 
to that of the plasma, must lie partly reabsorbed from the tubular urine. He 
suggested that urea might escape by diffusion from the concentrated tubular 
urine. Although from later work it appears that the creatinine clearance in man 
(but not in the dog) overestimates filtration rate, owing to some tubular secretion, 
Rehberg’s inference of urea reabsorption has been confirmed by the use of ex- 
cretable substances which give more probable estimates of filtration rate: 
ferrocyanide in the dog (14), creatinine in the dog (12), inulin in dog and man 
(13). All these studies indicate that about 40 per cent of the filtered urea is 
reabsorbed under conditions of moderate or high urine flows and a greater 
amount with low flows. Shannon pointed out, however, that a single diffusion 
process could not explain the phenomenon, since such a process if capable of 
causing the 40 per cent loss of filtered urea at high flows, would at moderately 
low flows lead to practical equilibration of urine and blood, contrary to experi- 
ence. Hence he suggested that a minimum of two independent diffusion proc- 
esses might operate, located in the proximal and distal parts of the tubules, and 
accompanying respectively the fixed “obligatory” reabsorption of about 90 
per cent of the filtered water and the “facultative” reabsorption of variable pro- 
portions of the remaining 10 per cent of the water. In this connection “obliga- 
tory” and “facultative” are used as applied by Homer Smith (13). These 
conclusions, derived from the study of dogs, were extended to human kidneys 
by Chasis and Smith (2), who also obtained data on urea reabsorption in cases 
of chronic nephritis. 

The equations of Austin, Stillman, and Yan Slyke (1) relating urea clearance 
to urine volume over volume ranges above 0.5 cc. per minute, the equation ot 
Chesley (4) for lower volume ranges, and the more comprehensive equation of 
Dominguez (5) covering all volume ranges, all give fairly good fits with observed 
data; but they are all purely empirical formulations. None of them is derived 
from known physico-chemical laws. 

The formulation presented in this paper is based on the assumption that the 
decrease in urea clearance with urine volume is caused by a tubular rcabsorption 
of urea in accordance with the quantitative laws of diffusion. The comprehen- 
sive equation thus deduced is found to fit observed data. Such fit does not, o 
course, prove the validity of the assumptions on which the equation is base . 
The simple hypothesis doubtless oversimplifies actual conditions, but it has t ic 
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advantage that it. lead? to a workable equation, consistent in its assumptions 
with the facts of renal excretion in so far as they arc at present known, and 
capable of quantitative test by further observations. 

The present formulation is offered for what assistance it may give in clarifying 
the steps of the excretory process. It is not recommended for clinical use as a 
substitute for the “maximal” and “standard clearance” formulae (9), which 
are simpler, and are adequate for their purposes, except for conditions of un- 
usually small urine flows (4, 8). 

Simplifying assumptions for the present analysis are: 

a. Concentration of tubular urine is uniform in any cross-section of a tubule 
(i.e., axial flow and turbulence effects are neglected). 

b. Tubule volume and permeability of the wall to urea arc constant under 
varying conditions of flow. 

c. Water reabsorption occurs at a uniform rate per unit length of tubule in 
each of the anatomical portions which correspond to the two assumed phases of 
water reabsorption, but this rate is different in the two portions. 

d. The resistance to urea diffusion through the tubular wall will be treated as 
if it were concentrated in a single thin membrane. Actually, of course, urea 
returning from tubules to blood vessels must pass through tubular cells, cell 
boundaries and tissue space. 

c. Behavior of individual tubules is sufficiently uniform that the performance 
of the kidney as a whole may be predicted from the analysis of a single tubule. 

/. The influence of blood level on urea concentration gradient will be neglected 
since it is usually comparatively low and constant; when this factor is not 
neglected it leads to a more complicated expression differing by less than 2 per 
cent in predicted values. 

Consider a section of tubule of radius, r and length, h (fig. 1). Any arbitrary 
cross-section of it may be identified by the distance, l, from the origin. The 
volume flow of urine in cubic centimeter per minute across the plane of this 
cross-section will be designated by v. When the urea concentration, u at this 
plane is known, the rate of passage of urea along the tubule across this plane 
may be calculated as the product, uv. The rate, uv, at which urea crosses any 
plane would be the same throughout the tubule, regardless of water rcabsorption, 
if no urea were reabsorbed ; u and v would vary inversely, and the product would 
be constant. IloAvcver, when urea is reabsorbed uv must decrease as the urine 
passes away from the origin. It is desired to know the rate at which urea leaves 
the section of tubule, given the rate, t! 0 Vo, at which it enters the section, the rate, 
R, at which water is being reabsorbed per unit length of tubule and the 
permeability, /;., of the wall to urea. 

From Fick’s law it is known that the rate of diffusion across a membrane is 
given by the product of area, permeability coefficient and concentration gradient. 
Expressed as a differential equation this becomes: 

d(uv ) 

~dl~ 


— (2tt r)hu 
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Also we have assumed that water is reabsorbed at a uniform rate per unit of 
tubular length, so that the volume flow across this arbitrary plane will be less 
than the flow at entry by the volume flow absorbed, which is R XI. 

v = v 0 — R1 

Eliminating l between these two equations, one obtains: 

d(vv) _ 2-irrh dv 
uv R v 



Fig. l Fig. 2 

Fig. 1. Arbitrary uniform section of tubule. 

Fig. 2. Diagram of water absorption in a single nephron (adapted from Smith (13))- A 
unit portion of filtrate leaving glomerulus, G, has been reduced to about one-tentli its orig- 
inal volume in passage through the proximal tubule, P, but with little increase in concen- 
tration of dissolved materials. In the loop, L, a further variable reabsorption of water 
occurs with concentration of the solutes. Volume remains constant in distal portion and 
subsequent course to the bladder. 


Integrating: 


. nv 
In — 
V 0 Vo 


2 nTh , v 2ttrhl . v 
In - = - In - 

It Vo til Vo 


jxt q = 2irrl designate the total internal area of tubular wall of the section from 
entiy to exit, and nq the area of corresponding sections in n nephrons. Also, foi 
simplicity, let h represent the product nqh. Then the rate at which urea einciges 
is given by: 

— nqh / Ior f p/t ; \ h / log rp/i'i 

ViVi = Uot'oC^U/n-W = iloVo e nWn-i / 


( 1 ) 



BACK-DIFFUSION OF UREA IN THE MAMMALIAN KIDNEY 


507 


When no water is reabsorbed, v 0 = v x . The factor °/ — becomes unity 

Vo/Vi — 1 

in this case as may be seen by setting v 0 /vi — 1 equal to x, expanding - 5 — — 

x 

in a power series and letting x approach zero. 

Thus when no water reabsorption occurs, the expression reduces to: 

( 2 ) mv = u-ove v 

Trial of these two equations indicates that the best fit of the data is obtained 
by a combination of the two, which is equivalent to assuming that urea reabsorp- 
tion occurs successively in two phases, one associated with a concurrent water 
reabsorption and the second in a portion of tubule from which no water is 
reabsorbed. It seems reasonable to associate the first with the 90 per cent water 
reabsorption in the proximal tubule, and to place the second jihase of urea 
absorption distal to the second phase of water reabsorption (fig. 2). It will be 
noticed that no allowance is made for urea reabsorption concurrent with the 
second phase of water reabsorption, since if any significant part of the urea loss 
is assumed to occur there, the equation fits the data less well. It seems improb- 
able that there is no loss of urea from the tubules concurrent noth the second 
phase of water reabsorption; it might be, however, sufficiently small to be 
neglected in a first approximation. It is therefore assumed that with respect to 
the fate of water and urea in the tubules a physiological division may be made 
into three successive phases. In the first both substances are reabsorbed, in 
the second water alone, and in the third urea alone. Tentatively, these may 
perhaps be identified with proximal tubule, loop and remainder of the path 
including the distal tubules and collecting ducts. 

Multiplying equations (1) and (2) one obtains an equation which relates 

V.V 

plasma urea clearance Cl u = — to filtration rate (F) : 

V 

r*i/io K F/i7'\ fcj-i 

(3) Clu = F X e /■** »J 

All variables in this equation are subject to measurement except v' which 
represents the volume flow of urine in the tubules at a stage between the first and 
second phases of water reabsorption, perhaps at the junction of the proximal 
tubule and the loop. Furtunately, it appears that v' is relatively constant under 
usual conditions in normal subjects, so that when filtration is approximately 
constant the first term of the exponent may be grouped into a single constant 
for purposes of testing the equation. Then: 

—hi 

Cl ti = F X X c * 

This factor, 4>, which represents the fraction of filtered urea escaping reabsorption 
in the proximal tubules, appears to have a value of about 0.60, since 40 per cent 
of filtered urea appears to be absorbed in the proximal tubules. The product 
F X 4> gives the “maximal urea clearance” toward which observed urea clearance 
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appears to rise when urine flow is above the “augmentation limit” of Austin, 
Stillman and Van Slyke (1). 

In order that the constant, h* may be determined from available data it is 

Clu 

convenient to plot logarithmically the ratio ~ against reciprocal of urine 
volume flow. This would theoretically yield a straight line since : 



v(cc./min.) 


Fig. 3. Fit of theoretical equation to data from one normal human (subject T. G. (2)). 
Clu and Ck are plasma clearances of urea and inulin respectively, v is volume flow of urine, 
uncorrected for surface area. • Observed ratios on falling flows. X Observed ratios 
on rising flows (disregard in judging fit of the curve). O Theoretical points from equation 


Clu 

Ck 


.36 

= 0.57e «*. 


Aberrant clearance values due to clearance increases on rising urine flows (12) 
must be excluded since the simple conditions of a steady state, postulated in this 
analysis, are not maintained in such transitional states. Moreover, it is implied 
in the above simplified equation that constant filtration and constant reabsorp- 
tion in the proximal tubule provide a constant v' . In extreme diuresis it appears 
that proximal reabsorption diminishes. This diminution appears to begin when 
urine flow exceeds about 10 per cent of filtration rate in normal humans (2) and 
about 5 per cent of filtration rate in normal dogs (12). 

Normal human kidneys. A fit of the theoretical equation to data from one 
normal human (subject T. G. (2)) is shown in figure 3 which is a plot of the ratio 
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urea clearance . , 7 „ „ v . 

i n u lT n cle a r a nce agamst voIumc of urine. Points identified by crosses are 

data observed on rising urine flows; these are shown in the plot to illustrate the 
necessity of excluding such values. 

Data covering very low urine flows (below 0.5 cc. per min.) are not included in 
the above paper, but are to be found elsewhere. French workers (3) over a 
decade ago while studying the oliguria associated with hypochloremia noted that 
the urine-blood ratios of urea concentration were low at extremely low flows. 
Chesley (4) has noted this phenomenon in oliguric normal women and found that 
the “standard clearance” square root correction (9) fails to make a satisfactory 
adjustment of what apparently is the normal behavior of urea clearance in the 



v (cc./min.) 

Fig. 4. Fit of theoretical equation to data from four normal oliguric subjects (4). Vol- 
ume flows corrected for surface area and data from each subject multiplied by a factor to 
bring them onThe same curve as in the original paper. • A, O B, A C, □ D. X Theoretical 

.26 

values from equation Cl u — 6SeT. 


flow range below 0.35 cc. of urine per minute. Figure 4 shows a plot of data 
taken from his paper (4) with the theoretical curve of the present paper fitted 
to it. It is to be noted that the constants (68 and 0.26)* have approximately 
the same magnitude as those in the equation fitting the data at higher flows 
(fig. 3). Similarly the extreme depressions of urea clearance observed by 
McCancc in the oligurias of salt deficiency and of diabetic acidosis (8) may be 
explained. 


1 If filtration at a normal rate of 120 cc/min be assumed, the ratio 


maximal clearance 
filtration 


_6S_ 

120 


= 0.57. 


The corresponding ratio in the equation of figure 3 is also 0.57. 
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Dominguez (5) recognized that there must be some limit to the urinary 
concentration of urea but obtained it by extrapolating his equation to zero flows. 
As volume flow approaches zero,, however, the time available for diffusion becomes 
indefinitely prolonged; it would seem more reasonable to expect equilibration 
between urine and blood at this limit unless active secretion of urea by the 
tubules is assumed. From the diffusion equation developed in this paper the 
maximum urine urea concentration is to be expected at volume flows somewhere 
between 0.15 and 0.30 cc. per minute, a limit that cannot be accurately fixed 
because of uncertainty of knowledge as to the behavior of glomerular filtration 
in this range. Owing to the technical difficulties of obtaining extremely low 
urine flows, and of measuring accurately these flows and the filtration rate, it 
is not at present possible to make a crucial test of the prediction that the concen- 
tration ceiling of urea will be reached before urine flow is stopped and that with 
further decline of flow, urea will appear in not greater but lower concentration. 

Normal dog kidneys. A quantitative difference in reabsorption by human and 
dog kidneys is to be anticipated since the surface area available for back diffusion 
is much less in the dog. This follows not only because the individual nephron is 

TABLE 1 


Number of nephrons per kidney in different species, estimated by glomerular counts (10) 


SPECIES 

NUMBER OF GLOMERULI PER KIDNEY 

Man 

700.000- 1,200,000 

400.000- 500,000 

150.000- 225,000 

20.000- 30,000 

90.000- 250,000 

Dog 

Cat 

Rat 

Rabbit 



somewhat smaller but more importantly because of the much smaller number of 
nephrons, as demonstrated by the technique of glomerular counts (table 1). The 
variation of number of nephrons from individual to individual is of interest since 
it offers one explanation of the variations in urea reabsorption. 

If the permeability of the dog tubules is of the same magnitude as of human 
tubules, the exponent of the diffusion equation should be about one-fifth to one- 
tenth that found from human data. This is found to be the case, as illustrated 
in figure 5 taken from Shannon’s data (12). 

So far only that part of the equation relating to distal reabsorption has been 
discussed. If one assumes that at flows above those yielding a creatinine U/P 
ratio of about 20 (corresponding to a volume flow of about 2-4 cc. per min. in a 
dog) the distal reabsorption in the dog is essentially abolished, then volume flow 
may be taken as an index of the flow emerging from the proximal tubule. With 
this value, which corresponds to the quantity v' in the more general diffusion 
equation, it is possible to make a test against the data observed during forced 
diuresis in the dog (12). It may be said that theory accords with experiment in 

predicting an increase of ratio ^ iat approaches the limit of unity 
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as volume flow approaches the filtration rate. This cannot be taken as very 
strong support for the theory, however, since the curve followed by this increasing 
ratio is not accurately defined nor the assumption set forth above adequately 
supported. 

Abnormal human kidneys. From examination of the diffusion equation (equa- 
tion 3) it may be seen that three chief factors separately or in combination may 
be expected to alter the relation of urea clearance to volume flow in subjects with 
renal disease: 

a. Filtration may be reduced, with the consequence that volume flows of urine 
which would be onty moderate in a normal kidney become equivalent to marked 
diureses. A flow of 5 cc. per minute would, for instance, be only 4 per cent of 
the filtration rate if filtration were normal at 125 cc. per minute but would be 20 
per cent if filtration were reduced to 25 cc. per minute. 



•v (cc./min.) 


Fig. 5. Fit of theoretical equation to data from one normal dog (dog E, (12)). • Ob- 

.042 

' served values. X Theoretical values from equation Cl u = 30e * . 

b. Tubular surface area may be reduced so that the reabsorption observed 
in normal kidneys at low flows would be evident only at proportionately lower 
flows. 

c. The capacity for facultative reabsorption of water may be reduced, thus 
preventing the attainment of sufficiently low flows to allow appreciable reab- 
sorption in the distal part of the tubules. In this case variations in urine flow 
must be largely due to variations in filtration or in proximal tubular water 
reabsorption or in both, so that the percentage reabsorption of filtered urea 
becomes dependent not only on volume flow of urine but also on the values of 
these two additional variables. 

Sufficient data are not at present available to permit satisfactory test of this 
theory. The data of Chasis and Smith (2) on the relation of urea clearance to 
urine flow and filtration rate in nephritic subjects show general conformity to 
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the theoretical curves but are insufficient for present purposes. The data 
reported by Hayman (6) on atypical clearances following relief of prostatic 
obstruction show a continuous rise of clearance with volume flow. This relation 
would likewise be predicted if it is assumed that the tubular capacity for faculta- 
tive water reabsorption has been impaired by damage due to back pressure. 

Tubular permeability. The barrier to back-diffusion of urea has been treated 
as a thin membrane to which solutions on either side have free access. It is 
possible from the data to make an estimate of the order of magnitude of the per- 
meability coefficient of this membrane, recognizing of course that the value is 
virtual rather than one to be identified with some particular structure. From 
the value it should be possible to decide whether or not the tubules present a 
unique barrier to back flow of urea. 

In the derivation of the formula the product of permeability coefficient and 
total tubular surface area of the distal tubules was expressed as a single constant, 
Id, for convenience in manipulation. Since trial of data from various sources 
(including unpublished experiments) has led to a value of about 0.3 cm. 3 /min. 
for ki, while the values of n and q 2 may be taken as approximately 2 X 10 s and 
10 -2 cm. 2 , respective^, we have 

/is = — ^ 10~ 5 cm./min. 
nq 2 

Jacobs (7) has given the permeability coefficient of ox erythrocytes for urea as 
108 X 10~ 16 mols//i 2 /min./mol per liter. These dimensions, correctly expressed 
as mols/u 2 X min. X mol/liter, may be converted to the present dimensions of 
cm./min. if multiplied by the factor 10 u . This gives a value of about 10~ 2 
cm./min. to be compared with the permeability in the order of 10~ s cm./min. 
estimated for the tubular Avail. So far as comparison of such dissimilar systems 
is permissible, it may be inferred that the permeability of the tubular Avail to 
urea' is of a Ioav order. 


CONCLUSION 

The behavior of urea clearance at varying volume Aoaa's of urine in human and 
dog kidneys is approximately described by assuming that urea diffuses from 
tubular urine to blood in two phases, related to the proximal and distal reabsorp- 
tions of Avater. Estimation of the permeability coefficient of the distal tubular 
Avail for urea suggests that, as compared to ox erythrocytes, the Avail has a Ioav 
permeability. 

The author Avishes to express appreciation for the help given by Dr. D. D. 
Van Slyke in AA-riting this paper and for the courtesy of Drs. H. Chasis and Homer 
Smith in making available original data from their paper (2). 
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The electrical impedance of striated muscle increases during contraction 
(Bozler, 1935; Bozler and Cole, 1935; Dubuisson, 1937). In the turtle’s ven- 
tricle, on the other hand, Rapport and Ray (1927) found a decrease of impedance 
during systole. The present study was undertaken to determine whether or not 
there is a fundamental difference between striated and cardiac muscle, in this 
respect. 

Method. From pithed turtles the heart was excised. The several prepara- 
tions of the ventricle used will be described with the corresponding results. 

The measurements of the electrical impedance were made by means of an 
alternating current (a.c.) bridge. The muscle was in one arm of the bridge. It 
was Balanced against a variable calibrated capacity (mica and paper condensers) 
®and a variable non-inductive resistance, in parallel. The balance indicator 
was a cathode-ray oscillograph, after capacity-coupled amplification. 

The balance was never perfect, thus showing that the electrical model used is 
only an approximation of the muscle. As shown by the records, however, the 
balance was sufficient to give a clear idea of the changes of impedance in the 
tissue. 

A beat-frequency oscillator was used for generating the alternating currents 
delivered to the bridge. The frequency ranged from 30 to 10,000 cycles per 
sec. The results were qualitatively similar with all the frequencies tested. In 
the majority of the experiments 200 to 1,000 cycles were employed. The in- 
tensity (m.r.s.) of the current delivered to the bridge was from 0.01 to 0.06 
milliampere (ma). The current flowing through the tissue was therefore about 
0.025 ma. The electrodes were chlorided silver needles or else wicks wet with 
Ringer solution and connected to chlorided silver plates. The usual procedure 
was to balance the resting tissue. The changes of impedance during activit} r 
appeared then as an unbalance. These changes could be photographed from 
the oscillograph. The mechanical response was photographed simultaneously 
from an appropriate isometric optical myograph. The electrodes on the tissue 
were then connected with a direct-coupled amplifier activating the oscillograph 
and the ventricular electrogram was registered together with the mechanogram. 
Using the stimulus artifact, when the responses were stimulated, and the me- 
chanogram, as common references in the two records, the electrogram could be 
compared with the changes of impedance. 

A change of the balance of the bridge does not indicate the direction of the 
corresponding change in the tissue — i.e., whether the reactance or the resistance 

i Fellow of the J. S. Guggenheim Memorial Foundation. 
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increased or decreased. Records were taken, therefore, in which the bridge 
was initially unbalanced in a known direction. A balancing or a further un- 
balancing change during activity gave then a precise indication of the change of 
impedance in the ventricle. Thus, if the resistance of the model was initially 
higher than necessary for balance, and if balance was restored during activity, 
an increase of resistance of the ventricle during contraction was indicated. 

Results. It is important in the observations of the changes of impedance 
due to muscular contraction to prevent movement of the electrodes and shorten- 
ing of the tissue. The following procedures were found satisfactory for those 
purposes and yielded consistent results. 

"Ventricular strips were cut in some instances. One end of the strips was 
stretched and fixed firmly on a board by means of 4 to 6 pins. The electrodes 
from the bridge were applied to this portion. The other end of the strips was 
attached to an isometric torsion-spring nwograph. 

In other cases the ventricle was cannulated through the atrium. The cannula 
was connected to a small membrane manometer. The system was filled with 
Ringer solution and was closed. The contractions were thus isometric. Xeedle 
or wick electrodes were applied to the external ventricular surface, or else one 
such electrode was used and another was in contact with the Ringer solution 
inside the closed system. 

The most satisfactory method was to stretch the intact empty ventricle and 
fix it on a board by means of 6 to 10 pins, leaving a small basal part free. This 
free portion was attached to a torsion-spring myograph. The alternating cur- 
rent electrodes were applied near some of the fixing pins, to prevent movement, 
and near the mechanically recording part, to obtain a satisfactory temporal 
correlation between the contractions recorded and the changes of impedance. 
This method was used in the majority of the observations. 

Although all these procedures tended to minimize movement, they did not 
prevent it entirely. Whenever movement did occur the results were incon- 
sistent and complicated — an increase or a decrease of impedance could appear 
during contraction, or else an initial increase with a later decrease, or vice versa. 
The results, on the other hand, were consistent and relatively simple when no 
movement was seen at and between the leads. The description will deal only 
with these observations. 

Typical changes of impedance associated with a response are illustrated in 
figure 1 . In A the resting balance is disturbed reversibly. The beginning of 
the change coincides approximately with that of the mechanogram. The two 
curves are parallel at first but the impedance change outlasts the contraction. 
A comparison of A with C shows that there is no parallelism between the impedo- 
gram and the electrogram. At the end of the electrical response the impedance 
is still far from the resting value and only returns to that value later. 

As explained under Method, the direction and characteristics of the changes 
of impedance were studied by recording with a known unbalance. If the re- 
sistance in the electrical model in the known arm of the bridge was too low, or 
if the capacity was set lower or higher than the proper value for balance at rest, 
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the unbalance was exaggerated during contraction. If the resting unbalance 
was obtained by increased resistance, however, then a relative balance appeared 
during the response (fig. IB). It may be inferred that the impedance of the 
ventricle increases dining its activity and that this increase is due largely to an 
increase of resistance, with the frequencies of alternating current used. 

This inference was supported by measurements of the settings of the bridge 
which gave the best balance at the peaks of a series of contractions, and by com- 




i — i 


Fig. 1. Typical changes of impedance during contraction. Electrodes on two uninjured 
points in the ventricle. In this and other figures the lower tracing is the isometric mechano- 
gram; the time calibration corresponds to 1 sec. The frequency of the alternating current 
was 500 cycles per sec. 

A. Bridge balanced before stimulation. Settings of the known arm: resistance, 3130 
ohms; capacitance, 0.0112pF. B. Bridge unbalanced by increasing the resistance to 3730 
ohms. C. The upper tracing is the electrogram recorded from the same electrodes used for 
the records of impedance in A and B. D. As in A, but after warming the heart. 

parison of these values with those corresponding to the resting balance. Thus, 
in a typical observation, with an a.c. of 0.04 ma. and 500 cycles, the resting bal- 
ance values were 3130 ohms and 0.01 1 pF. These values changed to 3480 ohms 
and 0.008 pF for balance at the peak of contraction. The impedance thus 
changed from 3120 to 3470 ohms. 

As a rule the peak of the change of impedance coincided approximately with 
that of the contraction (fig. 1). Not infrequently, however, the maximum of 
the variation of impedance was later or, more rarely, earlier than that of the 
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mechanical response. It is difficult to rule out the possibility that an artifact 
due to movement may have determined the pattern of these atypical records. 
Impedograms with two peaks, early and late respectively, with reference to the 
maximum of contraction, were only seen when there was obvious movement of 
the tissue. 

The duration of the impedogram varied with that of the mechanogram. Thus, 
when warming of the ventricle resulted in a brief contraction the variation of 
impedance was correspondingly brief (cf. fig. 1A and D). 

1 


I — \ 

Fig. 2. As in figure 1A. Last response in a series of six, at the rate of 1 per 3.5 sec. 



\ B 



i 1 


Fig. 3. Changes of impedance recorded from one electrode on intact ventricle, which was 
also the stimulating cathode, to another on a crushed region. Both these electrodes were 
at some distance from the portion of the ventricle which recorded mechanically, hence the 
long latency of the contraction. Only the beginning of the responses is reproduced. 

A. Impedogram with about 4 times higher amplification than in figure 1. B. Electro- 
gram recorded from the same electrodes. 

Since the change of impedance outlasted the development of tension, it was 
possible to elicit a further response before an earlier one had fully subsided. A 
typical observation is illustrated in figure 2, which reproduces the 6th response 
in a series at the rate of 1 per 3.5 sec. The maximum variation of impedance 
was not greater than that corresponding to the 1st response of the series, but the 
subsidence of the change was slower than with single stimuli (cf. fig. 1 A and fig. 2). 

In order to determine whether there is any variation of impedance coincident 
with the beginning of the development of the electrical response, records were 
taken Avith high amplification and with one of the electrodes serving both as a 
stimulating cathode and as a connection to the bridge. As shown in figure 3 
the electrical response began before the change of impedance. 
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Discussion. As pointed out in the section on Method, the model of the tissue 
used — resistance and capacity in parallel — is quite imperfect. A perfect model 
would result in a perfect balance, which was not obtained here. Furthermore, 
with a perfect model, balance for a given condition of the tissue should not be 
modified by changes of the frequency and intensity of the alternating current. 
Such changes led invariabty to unbalance in these observations. 

The finding of an accurate model would involve more elaborate experiments 
than were carried on here (see Bishop, 1929; Cole, 1940). Notwithstanding the 
imperfections mentioned, the model was used because it is simple and because 
the measurements of the changes of impedance are accurate — i.e., if the imped- 
ance of the tissue is less than that of the model at a given time, more current will 
flow through the arm of the bridge containing the tissue than through the other, 
and vice versa. 

We are unable to account for the discrepancy between our observations and 
those of Rapport and Ray (1927). The electrodes in their study were placed 
one in Ringer solution filling the manometer connected to the cannulated ven- 
tricle and the other in a solution bathing the external surface. We tried this 
method but discarded it because we could only record very minor changes of 
impedance. This difficulty was expected, for the arrangement is such that the 
ventricle is effectively in series with a relatively high resistance — that of the 
Ringer solution intervening between the tissue and the electrodes. We found 
further that twisting of the ventricle during contraction, or without a contraction, 
could result in marked changes of conductivity, due probabty to changes in the 
degree of occlusion of the orifice of the cannula. 

Since more than 100 observations in 20 hearts were consistent in showing an 
increase of impedance during activity, and since a decrease of impedance was 
only registered when movement was obvious at or between the electrodes, it is 
concluded that an increase is genuine and a decrease is an artifact. 

Dubuisson (1937) has described two separate components in the impedance 
changes during contraction of striated muscle. These 2 components would re- 
sult in 2 peaks in the impedogram, one during the phase of rising tension, the 
other during relaxation. Impedograms with 2 peaks were seen in these observa- 
tions only when there was obvious movement, and hence an obvious source of 
artifact (p. 517). A complex impedogram might be expected because of the 
complexity of the ventricular response. Thus, it would seem likely that both 
the excitatory and conducting processes on the one hand, and the contractile 
mechanism on the other, would be associated with independent variations of the 
conductance of the tissue. The present data do not confirm this expectation. 

In nerve, where there is no contractile mechanism but only excitation and 
conduction, Cole and Curtis (1939) have shown that there is a decrease of im- 
pedance associated with the passage of a nerve impulse. This decrease starts 
shortly after the beginning of the spike potential and reaches a maximum 
approximately at the same time as the spike. It was expected, therefore, that 
there would be a similar initial drop of impedance in the ventricle. The record 
in figure 3A does not confirm this expectation. If there is an initial drop it is 
verv small, compared to the later rise of impedance. 
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The significance of the variations of impedance during activity can not lie 
determined with the data available. Since these variations outlast the changes 
of tension, a recovery process is suggested (see Dubuisson, 1937). Whether this 
recovery is associated with conduction, or with contraction, or with both, re- 
mains to be elucidated. When the mechanical events are briefer the impedance 
changes are also briefer (fig. 1A and D), but, as is well known, the electrical re- 
sponses are also shorter in these conditions. 

SUMMARY 

The changes of electrical impedance during the activity of the turtle’s ventricle 
were measured by means of an alternating current bridge and recorded from a 
cathode-ray oscillograph. 

The impedance to alternating currents of 30 to 10,000 cycles per sec. and of 
0.04 to 0.06 ma. increases during activity. The increase begins approximately 
at the same time as contraction, but it outlasts the mechanical events (fig. 1A 
and B). There is no parallelism between the impedogram and the electrogram 
(fig. 1A and C). Brief electrical and mechanical responses involve a brief im- 
pedance variation (fig. ID). 

Upon repetitive stimulation a long enduring impedance change may ensue 
(fig. 2). 

The early part of the ventricular electrogram is not attended by any striking 
change of impedance (fig. 3). 
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The action of acetylcholine (Ach.) is usually considered to be nicotinic or 
muscarinic, depending on whether its effect is inhibited by atropine or curare, 
respectively. 

Not all experimental data fit this formulation. Clark and Raventos (1937) 
observed in vitro that curarine and atropine blocked the effect of Ach. both for 
the auricle and the rectus abdominis of the frog. Marrazzi (1939) showed that 
in the rabbit the nicotinic effects (superior cervical ganglion) are antagonized by 
atropine. On the other hand, Luco and Meza (1941) established that curare 
blocked the connection between the parasympathetic postganglionic nerve and 
the smooth muscle. 

Abdon (1940) stated that there was a constant ratio between the amount of 
Ach. necessary to produce a definite effect in the frog (heart inhibition, contrac- 
tion of the rectus abdominis) and the amount of atropine capable of abolishing 
the effect. The object of the present work is to study in mammals the relation- 
ship between Ach. and curare. An attempt will also be made to interpret the 
differences found between the muscarinic and nicotinic effects of Ach. in the 
consideration of both groups of results. 

Methods. Cats were anesthetized with diallvlbarbituric acid (Dial Ciba), 
0.75 cc. per kgm. The response of the submaxillary gland was determined by 
the number of drops delivered from a glass cannula placed in Wharton’s duct. 
The contraction of the superior rectus muscle of the eye was recorded on a kymo- 
graph with an amplification varying between 5 and 7, after removal of the eye- 
ball. The muscle and the gland were decentralized by section of the common 
oculomotor nerve in its intracranial region and of the chorda tympaui, and by 
extirpation of the ciliary and superior cervical ganglia. In some experiments 
the chorda tympani was stimulated with a Harvard inductorium. The injections 
were made into the common carotid artery. The drugs were from the follow- 
ing sources: acetylcholine hydrochloride (Hoffmann La Roche); atropine sul- 
phate (Mallinckrodt); and curare (Merck), an empirical solution which was 
standardized biologically. 

Results. In all experiments the responses of muscle and gland were recorded 
simultaneously. The smallest amount of Ach. capable of inducing the minimum 
response of each effector was determined, using as end-points one or two drops 
from the gland and a definite movement of any part of the muscle. In each 
experiment the regularity of effect of the same stimulus was determined carefully, 
with injections of Ach. given at regular time intervals. 

1 Aided by grants from the Rockefeller Foundation and The Ella Sachs Plot?. Foundation. 
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Fig. 1. Effect of curnro on the response of the submaxillary gland to acetylcholine: 
Abscissae: dose of Aeh. in micrograms (log. scale). Ordinates: intensity of response meas- 
ured by the number of drops (arithmetic scale). Double circles, squares, filled-in circles: 
1 minute, 17 minutes and 33 minutes, respectively, after injection of curare. 


TABLE 1 

The dosages of Ach. arc the threshold values for each experiment; those of atropine and 
curare are the least amounts capable of blocking the responses to the respective threshold 
stimuli. Dosages are in micrograms. The letters M and Cl stand for muscle and gland. 
The designation — means that the corresponding dose was not determined. Dosage of 
curare is in cubic centimeters. 


NO. 

ACETYLCHOLINE 

ATROriNE 

CURARE 

M 

G 

M 

G 

M 

I G 

1 

5 

1 

4,000 

— 


1 

2 

10 

1 

11,000 

— 



3 

10 

0.5 

1,000 

0.1 



4 

10 

1 

6,000 

1.1 



5 

10 

1 

5,000 

0.2 



6 

5 

1 

4,000 

1.0 



7 

5 

1 

11,000 

0.1 



8 

5 

1 

6,000 

1.0 



9 

7.5 

1 



0.1 

0.6 

10 

5 

1 



0.1 

1.1 

11 

10 

1 



0.1 

0.6 

12 

10 

1 



0.1 

0.9 

Average 

Standard Devia- 
tion 

7.708 

±0.707 

0.958 

±0.041 

6,000 

±1,224 

0.5S3 

±0.170 

0.1 

±0.0 

0.80 

±0.122 
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1. Atropine and skeletal muscle. The effect of atropine on the response of the 
muscles of the eye to acetylcholine has been studied previously. Duke-Elder 
and Duke-Elder (1940) injected atropine intravenously (5,000 micrograms) and 
found that this drug did not affect the response in question. 



Fig. 2. Antagonism between acctjdcholine and atropine. Upper graph: muscle. Upper 
line: secretion of the gland in drops. Middle line: the numbers indicate the doses of Ach. 
(micrograms). A represents the injections of atropine: 0.1, 0.9, 1,000, 1,000 and 1,000 
micrograms of atropine successively. Twelve minutes elapse between the two sections of 
the figure, during which 3,000 micrograms of atropine were injected. Time in minutes. 



Fig. 3. Antagonism between acetylcholine and curare. Upper graph: muscle tracings. 
Upper line: glandular response. Intermediate line: the numbers stand for dosage of Ach. 
in micrograms; at the first C, 0.1 cc. of curare was injected; at the second C, 0.6 cc.; the 
other signal indicates the electrical stimulation of the chorda tympani. Lower line: time 
in minutes. The numbers between the lines indicate the elapsed time. 

Our results indicate that it is inhibited by high dosages of atropine (fig. 2 
and table 1). 

2. Curare and glandular responses. Luco and Meza (1941) demonstrated that 
curare in large doses blocks transmission between the electrically-stimulated 
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parasympathetic postganglionic nerve and the corresponding effector; they sug- 
gested that curare inhibits all transmission of the cholinergic type, each system 
requring a different concentration. This hypothesis led to the supposition that 
the submaxillary gland, stimulated by Ach., could be curarized. Accordingly, 
the response of the gland as a function of the concentration of Ach. (intensity of 
stimulus) was studied in a group of animals, and also the modifications produced 
b 3 r curare. Figure 1 is a typical example of these experiments. 

The normal curve of action-concentration is of the usual type. Curare raised 
the threshold to Ach. and limited the maximum response of the gland. Spon- 
taneous decurarization is characterized by the enduring limitation of response, 
while the threshold returns to the normal value. 

3. Atropine and Ach. During the period of stimulation with Ach., atropine 
was injected in varying dosage (between 0.1 and 11,000 micrograms, always in a 
volume of 0.2 cc.), noting the minimal paralyzing doses for the nicotinic and 
muscarinic responses, respectively. The results of each experiment are sum- 
marized in table 1. 

If the amounts of atropine capable of inhibiting the responses of muscle and 
gland are compared, it will be seen that the doses are several thousand times 
greater in the first case than in the second (fig. 2). 

4. Curare and Ach. In the same way as in the previous series, a comparative 
study was made of the minimum dose of curare necessary to block the effectors 
described above. 

i 

In this case, the results obtained were opposite to those of series 2, i.e., muscle 
(nicotinic effect) is inhibited by a dose of curare much smaller than that needed 
to inhibit the gland (muscarinic effect, fig. 3). 

Discussion. A. Technique. The superior rectus muscle of the eye was used 
as an effector of the nicotinic type, and the submaxillary gland was selected as an 
effector of the muscarinic type, since they offer the following advantages over 
other effectors: 1. The extrinsic muscles of the eye are very sensitive to Ach. 
and thus the need for the injection of large doses is avoided, which may cause 
secondary effects. 2. The simultaneous stimulation of both effectors is very 
easj r to carry out by means of intracarotid injections. 3. The short distance 
from the site of injection assures the constanc 3 r of the intensity of stimulus in 
both effectors. 

Extirpation of the parasympathetic ganglionic s}\stem is very difficult, and 
therefore it was not done in any experiment. This renders difficult the inter- 
pretation of some results; Ach. not only stimulates the gland directly, but also 
in part through the ganglion. A similar argument applies to the inhibitions by 
both curare and atropine. 

In order to evaluate the importance of the ganglion, a series of experiments 
were carried out in which the response of the gland was recorded following 
electrical stimulation of preganglionic parasympathetic fibers. Figure 3 shows 
a typical result in this series. 

Stimulation of the chorda tympani induces a constant response of the gland. 
A small dose of curare blocks the response to an equal stimulus, without altering 
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the effects of a given dose of Ach. This demonstrates the slight importance of 
the ganglion in glandular stimulation by Ach. 

B. Results. The observations cited in the introduction and the results of this 
work suggest the doubtful validity of the division of acetylcholine functions as 
muscarinic and nicotinic. 

On inspection of the experiments with curare and atropine, it will be noted 
that the results are inverse, i.e., an effector with a high threshold for Ach. is 
blocked by large doses of atropine or small doses of curare; conversely, an effector 
with a low threshold is inhibited by high levels of curare or low doses of atropine. 

If one accepts the general hypothesis that one or more processes occur between 
the stimulus and the response, these being the fixation of the drug and its selective 
action after fixation, as believed by Clark (1937), or that some other phenomenon 
may occur, the results described cannot be interpreted on a basis of there being 
only a quantitative difference between the muscarinic and the nicotinic effects. 
It is necessaiy to postulate at least the existence of two quantitatively different, 
but qualitatively equal, processes, and of necessity atropine acts on one and cur- 
are on the other. 

The only other possible interpretation is that one or more processes are qual- 
itative!}' different. 


SUMMARY 

The relationship between the acetylcholine-curare and acetylcholine-atropine^ 
antagonisms was studied in cats anesthetized with Dial as a function of the vary-" 
ing thresholds to acetylcholine exhibited by the superior rectus muscle of the 
eye and the submaxillarv gland. 

Large doses of atropine inhibit the muscular response to acetylcholine (fig. 2 
and table 1). 

Large doses of curare block the glandular response to acetylcholine (figs. 1 
and 3, table 1). 

The doses of atropine capable of inhibiting the responses to acetylcholine are 
directly proportional to the acetylcholine thresholds of the effectors used. With 
curare this relationship is reversed. 

In the discussion, an explanation is offered for the differences between the 
nicotinic and muscarinic activities of acetylcholine. 
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This, the third study on the functions of the association cells of the cerebral 
cortex, is concerned with the effect of prefrontal lobectomy on acquired and 
acquiring correct conditioned differential responses of the foreleg from auditory, 
general cutaneous and optic stimuli. It will be seen that the results though 
negative in nature attain special interest when compared with earlier work on 
olfactory stimuli (1940) and with some preliminary unpublished work on these 
analysers after removal of large areas of the posterior cerebral association cells. 

The term correct conditioned differentiation has been explicitely defined in 
earlier papers, in which the emphasis was placed on the correctness of the 
positive and negative conditioned responses rather than on fine discriminations. 
The same general procedures and controls were also used. The dogs represented 
the easily excited, easity inhibited and the evenly balanced type of cerebral 
cortex. Some of them 1, 3 and 4 were used in the previous report (1943), with 
which identical tests can be compared after prefrontal lobectomy. Ordinarily 
a two week recovery period preceded the first tests. 

The results of these differential tests are summarized in tables and each table 
show's the records of two different conditioned differential tests for a common 
stimulant, one based on specific properties and the other on varied intervals of 
the same stimulant. In the first left column the dogs are listed by number, 
the first three being tested before and after prefrontal lobectomy and the others 
only after the extirpations. The second and third columns include the results 
of a single day’s tests 2 after differentiation was standardized ; the ratios of correct 
(C) to incorrect (I) for the positive conditioned tests appear in column 2. while 
the ratios of the incorrect (I) to correct (C) for the negative conditioned tests 
appear in column 3. Columns 4 and 5 are similar to 2 and 3 but include a record 
of all positive and negative conditioned reflex tests arranged for correctness and 
errors. A predominance of incorrect responses in these columns indicates dif- 
ficulties encountered in acquiring correct differential responses. In these cases 
the negative tests ordinarily resulted in positive responses more often than the 

1 Aided by a grant from the John and Mary R. Markle Foundation. 

2 Usually 37 tests constituted a day’s session for a dog. They consisted of 25 positive and 
12 negative or the reverse and were given in varied ratios. A conditioned reflex was never 
reinforced except through punishment of an error. To be correct and avoid shock a positive 
reflex must occur within 7 seconds and to evade whipping or scolding a negative reflex must 
continue for 7 to 15 seconds, depending on the time of appearance of the positive reflex. 
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positive tests revealed an absence of response. The fifth or last column shows 
the grade of correct differential responses obtained. 

Auditory stimulus. Three sets of differential tests were routinely used. In 
(1) a bell and a board tapped once per second served for the positive and negative 
stimuli. In (2) an iron cup was substituted for the board. In (3) the bell was 
tapped once per second for the positive reflex and three times per second for the 
negative reflex. 


TABLE 1 


Results of auditory stimuli after prefrontal lobectomy 



BELL 1 PER SEC. 
POS. REP. 

BOARD 1 PER SEC. 
KEG. REF. 


BELL 1 PER SEC. 
POS. REF. 

BELL 3 PER SEC. 
KEG. REF. 


DOG 

A day's tests 
after diff. 
standardized 

Total number of 
tests 

DIFF. 

A day's tests 
after diff. 
standardized 

Total Number of 
tests 

DIFF. 


Pos. 

C to I 

Neg. 

I to C 

Pos. 

C to I 

Neg. 

ItoC 


Pos. 

C to I 

Neg. 

I to C 

Pos. 

C to I 

Neg. 

I to C 





Series 1 

. Tested before and after ablations 



l 

24-1 

0-12 

65-1 

7-81 

good 

12-0 

3-22 

60-1 

9-11 

■3S11 

3 

32-0 

1-9 

176-12 

46-60 

good 

24-1 

2-11 

100-15 

19-23 


4 

12-0 

0-25 

60-2 

2-46 

good 

13-0 

1-24 

140-5 

30-81 








25-0 

0-12 



| 

Series 2. Tested after ablations 

2 

24-1 

2-8 

148-4 

43-24 

fair 

27-0 

1-8 

181-5 

66-25 

good 

0 

29-0 

2-24 

106-2 

11-75 

good 

24-1 

1-7 

16S-1 

79-19 

good 

6 

25-0 

1-11 

75-0 

6-22 

good 

25-0 

15-0 

164-3 

203-1 

none 

7 

24-1 

0-S 

66-12 

1-24 

good 

11-1 

0-25 

163-39 

33-13S 

good 

8 

12-0 

1-25 

188-12 

29-195 

good 

25-0 

0-12 

130-0 

16-57 

good 


25-0 

0-12 





i 





Abbreviations used in table 


Diff. = Correct conditioned differential responses. 

Pos. ref. = Positive conditioned reflex; Xeg. ref. = Negative conditioned reflex. 

Pos. = Positive conditioned tests; Neg. = Negative conditioned tests. 

C to I = Ratio correct to incorrect; I to C = Ratio incorrect to correct. 

It is clear from columns 2 and 3 of the left half of table 1 that dogs 1, 3 and 
4, which were able to respond correctly with the conditioned differential tests 
with the bell and board before prefrontal lobectomy (table 1, previous paper), 
were still able to make a perfect or practically perfect score of a day’s test after 
prefrontal lobectomy. The total number of tests (columns 4 and 5) also dis- 
closes a good percentage of correctness for dogs 1 and 4 after prefrontal lobec- 
tomv During the first session after operation dog 1 made 4 errors in 25 nega- 
tive tests and none in 12 positive tests, while dog 4 made 2 errors in 25 positive 
tests and none in 12 negative tests. The first positive and negative tests were 
correct for both dogs. Dog 3 did very well for the second day’s ordeal, then 
poorly for 2 sessions, to become practically perfect afterward. 
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The second group of dogs 2, 5, 6, 7 and 8 not subjected to any differential 
tests until after prefrontal lobectomy, reveals (columns 2 and 3 of the left half 
of table 1) smilar daily records for the bell and board to the group which was 
trained before the operation. The fact that the total number of tests (columns 
4 and 5) discloses a general tendenc 3 r toward correct responses for dogs 5, 6, 7 
and S, while dog 2 shows none, is to be attributed to a longer learning period 
for this dog. The number of daily sessions required of dogs 2, 5, 6, 7 and 8 
before the first signs of differential responses appeared were 4, 2, 3, 1 and 1 days 
respectively. Since it required 2, 1 and 1 day’s testing for the first group to 

TABLE 2 


Results of general cutaneous stimuli after prefrontal lobectomy 



WITH HAIR GRAIN* I 
PER SEC* POS. REF. 

against hair grain 1 

PER SEC. NEG. REF. 


WITH HAIR CRAIN 1 
TER SEC. POS. REF. 

WITH HAIR GRAIN' o 
PER SEC. NEG. REF. 


DOG 

A day’s tests 
after diff. 
standardized 

Total number of 
tests 

DIFF. 

A day’s tests 
after diff. 
standardized 

Total number of 
tC5tS 

DIFF. 


. W 

in o 

O 

Neg. 

I to C 

Pos. 

C to I 

Neg. 

I to C 


Pos. 

C to I 

Neg. 

I to C 

Pos. 

C to I 

Neg. 

I to C 



Series 1. Tested before and after ablations 


1 

24-1 

0-12 

110-2 

0-73 

good 

25-0 

rh 

160-0 

18-121 

good 

3 

25-0 

0-12 

149-2 

22-85 

good 

25-0 


124-1 

21-79 

good 

4 

13-0 

0-25 

63-0 

4-4o 

good 

25-0 

Ea 

39-0 

1-36 

good 


Series 2. Tested after ablations 


2 

24-1 

3-9 

106-1 

25-35 

fair 

22-3 

0-12 

46-4 

1-16 

good 

5 

1-11 

25-0 

34-57 

219-29 

inver. 

25-0 

0-9 

46-4 

1-14 

good 

7 

24-1 

1-10 

176-22 

2S-10S 

good 

11-1 

0-25 

139-9 

21-102 

good 

S 

25-0 

12-0 

0-12 

0-25 

108-4 

5-6S 

good 

25-0 

0-12 

37-0 

0-37 

good 


Abbreviations used in table 


Diff. = Correct conditioned differential responses. 

Pos. ref. = Positive conditioned reflex; Neg. ref. = Negative conditioned reflex. 

Pos. = Positive conditioned tests; Neg. = Negative conditioned tests. 

C to I = Ratio correct to incorrect; I to C = Ratio incorrect to correct. 

demonstrate the first signs of correct differential responses before prefrontal 
lobectomy, this group of dogs required but slighth r more training than nor- 
mal dogs. 

After prefrontal lobectomy both groups of dogs made as high scores for a 
day’s session with the bell and cup as they did with the bell and board and this 
was accomplished with the first or second day’s tests. This excellent record 
with a similar but more difficult discrimination was obviously due to having 
followed the bell and board tests. 

The results of both groups of dogs with the third set of sound analysers, 
namely, bell tapped once per second and three times per second are recorded 
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in the right half of table 1. Columns 2 and 3 show that with the exception of 
dog 6 both groups of dogs ultimately made as perfect daily records with this 
set of analysers as with the bell and board. After making due allowance for 
previous training, group 1 made a much better total record for correct responses 
than group 2 (columns 4 and 5). Dogs 1, 3 and 4 acquired the first signs of 
correct responses for the slow and fast bells in 2, 1 and 2 days of testing before 
prefrontal lobectomy and afterward in 2, 3 and 1 days respectively; while dogs 
2, 5, 6, 7 and 8, not tested until after operation, required 6, 7, ?, 4 and 1 day of 
testing. Dog 8 while showing signs of correct differential responses during 
the first day’s ordeal revealed no further signs of correct responses until the 
fourth day’s tests. Dog 6 in not being able to respond correctly in 11 days 
of testing was unable to hold back his positive foreleg responses during 203 
negative tests followed by punishment and intermixed with 167 positive tests, 
three of which were incorrect and punished. 

Not only were all the prefrontal lobectomized dogs able to respond correctly 
to all three sound tests in varied ratios, but they were able to respond correctly 
to positive and negative conditioned tests alternated 4 to 6 times with intervals 
of 3 seconds between tests. 

A more difficult sound conditioned differential test was attempted toward' 
the end of the problem, unfortunately with but one dog and only after prefrontal 
lobectomy. The test was somewhat similar to one used successfully by Babkin 
with unoperated dogs. The positive stimulus consisted of tapping a bell once, 
then a second’s pause, followed by tapping the bell 3 times per second and the 
negative stimulus consisted of tapping the bell 3 times per second, a second’s 
pause, followed by 1 tap of the bell. The dog used was no. 8, the most likely 
of the prefrontal lobectomized dogs to acquire correct responses with this dif- 
ferential test. Out of 225 positive tests 215 were correct and of 298 negative 
tests 176 were positive and incorrect in spite of a whipping for each error. Re- 
spiratory tracings taken during negative tests that resulted in positive responses 
afforded other examples of 2 irradiated cortical waves, one excitable and in- 
correct and two, inhibitory and correct. 

General cutaneous stimuli. Two sets of differential tests were used for this 
sense. In the first, the hair of the back was stroked with a hand brush once per 
second with the grain and once per second against the grain for the positive 
and negative conditioned reflexes. In the second set, the hair of the back was 
stroked with the grain once per second and three times per second for the posi- 
tive and negative reflexes. The same groups of dogs were used in these tests 
as were used for sound. Group 1 (dogs 1, 3 and 4) was trained to make correct 
differential responses before prefrontal lobectomy; while group 2 (dogs 2, 5, 6, 

7 and S) was not tested until after the operation. Table 2 follows the same 
general plan for recording the results as was used for sound in table 1. 

Columns 2 and 3 of both halves of table 2 show that the first group of dogs 
was able after prefrontal lobectomy to make perfect or practically perfect scores 
with both sets of general cutaneous stimuli for a day’s test. Both before and 
after prefrontal lobectomy these dogs required only 1 or 2 days’ testing to elicit 
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correct foreleg responses for either set of differential tests. After prefrontal 
lobectomy 011I3’- dog 1 required a second session to acquire correct responses and it 
was for the tests based on rate of the stroke. This accounts for the good show- 
ing of the total tests in columns 4 and 5 of both sides of table 2. 

Likewise columns 2 and 3 and 4 and 5 of both sides of table 2 show that the 
second group of dogs 2, 5, 7 and 8 (not trained before prefrontal lobectonw) 
have obtained perfect dail} r records for both general cutaneous tests after the 
operation and that a large number of the total tests were correct. The earliest 
signs of correct differential responses for the first set of general cutaneous tests 
(with and against the grain) appeared during the first da\ r ’s tests with dogs 7 
and S, during the second with dog 2, but not until the fourth day for dog 5 and 
then the positive and negative reflexes were inverted. 3 The first signs of correct 
responses for the*second set of differential tests appeared during the first day’s 
testing with all dogs of the second group. It should be mentioned while dog 
8 demonstrated signs of correct differential responses during the first session it 
was not until the fourth session that correct responses reappeared. 

Both groups of dogs with the exception of dog 5 (not tried) were able to re- 
spond correctly to both sets of general cutaneous tests when the positive and 
negative conditioned tests were alternated 4 to 6 times with intervals of 3 sec- 
onds between tests. 

A third set of general cutaneous tests was made on dogs 1, 3 and 4 in which 
inhalation of chloroform and acetic acid vapors served for the positive and nega- 
tive conditioned reflexes. In these experiments the olfactory tracts were severed 
to eliminate olfactory stimulation. These dogs which were able to respond 
about 75 per cent correct before prefrontal lobectomy responded equally well 
afterward. 

Optic stimuli. Dogs 1, 3 and 4, previously trained to average about 75 per 
cent correct differential responses before prefrontal lobectomy (1943, table 4) 
with two different sets of optic analysers, namely, light contrasted with black 
screens and constant light against a flicker (1 per second) were able to maintain 
about the same average of correctness after prefrontal lobectomy. 

Lesion and autopsies. The lesion started directly in front of the preeruciatus 
sulcus (supraorbital of Langley) and if the olfactory tract was to be severed 
extended to the base of the skull. It involved no difficulties, since the only 
precaution was to avoid slanting the spatula caudad to include the motor pro- 
jection fibers. 

Dogs 4 and 8 have not been autopsied for the reason that they are being used 
for another problem. The brains of the others have not only been carefully 

s After prefrontal lobectomy dog 5 acquired the positive conditioned reflex of stroking 
the hair of the back with the grain during the first day’s tests. Throughout the first three 
days’ sessions for differential reflexes with and against the grain, all of the positive and nega- 
tive tests resulted in positive responses. During the fourth session practically all the 
positive tests resulted in absence of response and nearly all the negative tests continued 
positive. These inverted reflexes continued throughout the remaining tests in spite of a 
total of 57 shocks and 219 whippings. * 1 
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studied, but transactions have been made through the medulla stained after 
the Marchi method to show pyramidal degeneration. 

Complete ablation of the prefrontal areas ivas obtained in every instance 
with the exception of 5 to 7 mm. of the caudal end of the orbital lobe, namely, 
the region immediately behind the interorbital fissure (Langley’s fig. 1, i.or.). 
There was slight injury to the median cephalic surface of the left sigmoid gyrus 
of dog 2, but Marchi sections through the medulla of this dog disclosed only a 
few more than the normal number of degenerated fibers in the corresponding 
pyramid. The brains of the other dogs showed no injuries to the motor cortex, 
no more than the normal amount of degeneration in the pyramids and none of 
the dogs exhibited motor symptoms. 

Discussion. Since prefrontal lobectomy did not prevent the rapid appear- 
ance and perfect performance of certain conditioned differential responses from 
several different auditoiy and general cutaneous stimuli in dogs that were trained 
before and after the operation, its effects are obviously very different from the 
effect previously reported for olfactory stimuli. These results though negative 
in nature are of equal importance to the positive results of this ablation on 
correct differential olfactory conditioned responses for they suggest a lesser 
independence on the prefrontal or anterior association and correlation cells for. 
correct analysis, synthesis, associated memory and the correct use of inhibition 
and excitation. It may be noted in this connection that a few preliminary 
experiments indicate a greater use of the posterior association cells surrounding 
the auditory, general cutaneous and optic projection centers (a large part of the 
sensory cortex of Dusser de Barenne, McCulloch, Carol et al.) for correct audi- 
toiy and general cutaneous conditioned differential responses. 

It might be supposed since the positive conditioned stimulus was the same 
for all of the auditory, and for all of the general cutaneous tests that the last set 
of differential analysers used would be those in which correct responses would 
be obtained with the least number of trials. This happened to be true for the 
general cutaneous analysers but not for the auditory. It is not strange that 
dog 3 of the first group and dogs 2, 5 and 7 of the second group had more 
difficulty with some differential tests than with others. Why all of the dogs 
of the first group were not able to make correct differential responses with the 
first tests is difficult to explain. It cannot be due to faulty circulation or edema 
of the posterior association and correlation cells or the posterior inhibitory areas 
because the positive conditioned reflexes appeared with the first trials and they 
are contingent on the functioning of the motor cortex which is situated directly 
behind the lesion. While the early errors are chiefly shown in the negative 
conditioned tests, cortical inhibition is not absent, for its presence is demon- 
strated in respiratory tracings taken at the time of incorrect positive tests and 
some correct negative tests. What is lacking is correct inhibition. The imme- 
diate delay of correct responses may be due to something akin to shock of the 
entire association cell system. 

It is apparent that these results are at variance with Babkin’s (quoted by 
Pavlov and by Eliasson) in which it was found that prefrontal lobectomy clim- 
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mated the positive conditioned cutaneous reflex from all parts of the body 
except the limbs. 

It. is singular in view of the results of others that Ten Cate was not only able 
to obtain conditioned sound reflexes but some differentiation between sounds 
after complete removal of the neopallium in the cat. It is however possible that 
the afferent and efferent connections between the cerebrum and the thalamus 
as indicated by Dusser de Barenne et al. and by Morison and Dempsey also 
contribute to the higher cortical activities. 

SUMMARY 

With one exception extirpation of both prefrontal areas produced no perma- 
nent effect on acquiring or on acquired correct conditioned differential responses 
elicited from somewhat similar tests with auditory, general cutaneous and optic 
stimuli. 

Correct conditioned differential reflexes were also obtained from both groups 
of dogs after prefrontal lobectonry from sound and general cutaneous stimuli 
when the positive and negative tests were alternated 4 to 6 times with intervals 
of 3 seconds between tests. 

After making due allowance for individual differences for certain tests and 
that the average dog had more difficulty in responding correctty to differential 
tests based on rate of a given analyser than on its various components, it is 
apparent that 2 of the 5 dogs, which were not tested until after prefrontal lobec- 
tomy, required more tests than normal dogs to respond correctly with the 1 and 
3 second sound tests and one dog was unable to acquire the same in the time 
allotted for the tests. 

The most promising of the second group of prefrontal lobectomized dogs did 
not acquire correct responses to a more complicated sound differential test. 
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It is well known that after the fourth month of pregnancy, in human beings, 
the bladder increases in size and rises into the abdomen. During this period a 
condition of smooth muscle atonia develops which is made evident not only by 
relaxation of the bladder wall but also by relaxation of the ureters, uterus, large 
bowel and bile duct. Following parturition the bladder continues in a distended 
hypotonic state for a period of about six weeks, gradually returning to normal 
(1, 2, 3). Various theories have been advanced to explain these phenomena but 
little has been done to test the validity of the hypotheses. 

Woolsey and Brooks (4) noted that marked increases in micturition volume 
occurred in cats post-partum. They also observed changes in micturition vol- 
ume in cats during spontaneous estrus, during pregnancy and following injection 
of alpha-estradiol benzoate. Langworthv and Brock (5), using a different tech- 
nique, found bladder hypotonicity to develop in the pregnant and post-partum 
rabbit and suggested that progestin might be responsible for the observed loss of 
bladder tone. We have attempted to obtain further evidence concerning the 
role played by hormonal factors in producing the changes in bladder responses 
known to occur during pregnancy and following parturition. Rats were used in 
this study because of their ability- to rear litters at frequent intervals under ordi- 
nary laboratory conditions. 

Methods. Two techniques were employed in measuring bladder response 
and micturition volumes. In many instances both were used on the same animal 
to measure the changes in bladder reactions occurring during pregnancy and 
following parturition or hormone injections. 

First, by means of kymographie tracings taken from the apparatus pictured in 
figure 1-A we were able to determine not only the total daily urine volumes but 
also the volume of urine eliminated during each micturition. The sensitivity of 
this device was such that 0.1 cc. of urine produced a 5 mm. excursion of the writ- 
ing point. The daily water and food intake was measured; estrous cycles were 
followed and the animals were weighed once a week. Twenty-four females and 
four males were studied during many weeks and the effects of various hormones 
on bladder responses determined. Eighteen females were maintained in the 
apparatus throughout pregnancy and the subsequent period of lactation and 
nursing. 

The second type of procedure permitted measurement of the bladder volume 
and intravesieular pressure at which micturition occurred in anesthetized ani- 

1 Henry Strong Denison Scholar. 

1 This work was aided by a grant (to Dr. Philip Bard) from the committee for Research 
in Problems of Sex, National Research Council. 
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mals. We used an apparatus similar to that devised by Langworthy, Reeves 
and Tauber (6) and Schultz (7). After establishment of light ether anesthesia 
the rat’s bladder was exposed and an 18 gauge hypodermic needle, connected by 
pressure tubing to the manometers and fluid reservoir, was pushed through the 
bladder Avail and used to introduce AVarm saline into the viscus. Although the 
head of pressure AA'as constant (90 cm. of Avater) the rate of bladder filling varied 
due to differences in bladder resistance to distention. Filling AA'as continued until 
fluid escaped through the urethra. The volume and intravesicular pressure at 
AA’liich escape occurred AA'ere considered to be the characteristic micturition A'ol- 
ume and pressure of that particular bladder. During each test period results 



Fig. 1-A Fig. 1-B 

Fig. 1-A. Apparatus for recording micturition volume of an unanesthetized rat. Cage, 
c, and water cup, w, placed on a stand abo\ r e a funnel, fu, delivering urine to a cup, u, 
which is attached to a writing point recording on a sloAvly moving kymograph, k. The 
position of the fulcrum,/, and supporting spring, s, is such that very small increments in 
cup Aveight are recorded. 

Fig. 1-B. Chart showing Iioav average daily micturition volumes, average daily urine 
volume and cstrous cycles of rat 5 were affected by injections of estrogenic material and 
progesterone. First injection — 200 rat units daily for 12 days; 2nd injection -1 mgm. 
progesterone daily for 14 days; 3rd injection — 200 rat units of estrogenic mateiial for 7 days 
followed by 1 mgm. progesterone daily for 7 days. 

obtained AA'ere checked by refilling the bladder to the micturition threshold four 
to six times. The hypodermic needle Avas then AvithdraAA r n and the incision 
closed. The same animal could thus be tested before pregnancy and before 
hormones Avere injected, during and after recoA’ery from the effects of hormone 
injections and other procedures. 

Results. 1 . Normal animals. Results obtained on unanesthetized animals 
Avith the apparatus shoAA-n in figure 1-A reA-ealed that, as in other species (2), each 
rat had a characteristic normal micturition Anlume. Female rats had, on the 
a Average, greater bladder Amlumes than did the males. Large rats tended to haA-e 
larger bladder capacity than did smaller individuals but this Avas not invariably 
true. A comparison of the Aveight of the filled bladder to the body Aveight shoAved 
that the bladder comprised 0.15 per cent of the body Aveight in some individuals 
and 0.87 per cent in others. In the vast majority of cases the bladder normally 
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emptied when filled to such a volume that it constituted 0.25 to 0.30 per cent of 
the total body weight. In one group of six rats the individual body weights 
approximated 240 grams but their characteristic micturition volumes ranged 
from 0.42 cc. to 0.89 cc. The average micturition volumes of unanesthetized 
non-pregnant mature rats normally varied between 0.45 cc. and 0.65 cc. Some 
idea of the constancy maintained within the individual can be obtained from 
figure 2. 

Anesthetics, or the procedures attendant upon the method of artificial filling, 
rendered the bladder much less responsive. When the same animals were used 



l S 


Fig. 2. Actual records taken with apparatus shown in figure 1-A. Records of rat 3 
whose total history is shown in figure 3. (1) Normal — March 25. (2) Nursing — April 18. 

(3) Normal — May 16. (4) After estrogen injection — June 15. (5) Normal — July 20 (not 
shown in fig. 3). 

which gave the above-stated averages in the unanesthetized state, micturition 
did not occur until a volume of approximately 0.9 cc. was reached. With this 
technique individual differences in the bladder tone of normal rats were revealed 
by the fact that despite a uniform head of perfusion pressure the rates of filling 
varied between 0.16 and 0.67 cc. per minute (average 0.43 cc.). The average 
intravesicular pressure at which micturition occurred was 30 cm. of water. Our 
results were similar to those obtained by Schultz (7). 

2. Pregnancy. A study was made of bladder responses throughout sixteen 
pregnancies in a total of eleven rats. During pregnancy there was generally a 
gradual increase in micturition volume (fig. 3). The time of appearance of this 
rise varied enormously as did the magnitude of the changes. The rise began on 
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the second day in some individuals but in others it was definitely a terminal 
affair and was not detectable until the eighteenth or twentieth day following 
insemination. The maximal volume increment varied between 100 and 400 per 
cent of the average prepregnanc.y micturition volume. 

These tremendous individual differences seemed to be related quite definitely 
to the outcome of the pregnancy. In the six animals which went through preg- 
nancy and bore litters that lived and were nursed until the time of weaning, the 
changes in micturition volume during pregnancy were slight and occurred late. 
Changes in micturition volumes were detectable from the eleventh to the twen- 
tieth days and bladder size eventually doubled in some instances but this consti- 
tuted the maximal change observed in this group. Micturition volume changes 
occurred earlier, between the fourth and eleventh day of pregnancy, in the five 
instances in which litters were not nursed and cared for effectively after birth 



Fig. 3. Rat 3 — chart showing effects of pregnancies which terminated normally and 
abnormally; effects of nursing and weaning, early death of young and injections of alpha- 
estradiol benzoate (200 rat units daily for S days). 


(fig. 3). Five additional pregnancies were terminated by late (19 to 20 day) 
abortions or stillbirths and in these cases the rise in micturition volume had be- 
gun by the second or before the seventh day of pregnancy. The micturition 
volumes attained were three to four hundred per cent greater than the normal 
volumes for those individuals. 

3. Parturition and period of lactation. Immediately following parturition 
there was an enormous increase in micturition volume which frequently attained 
a level of from two to nine times the normal. The average rise obtained in our 
series of animals was approximately five hundred per cent. In the group of rats 
whose litters survived until weaning the maximum micturition volume occurred 
from one to five days following parturition. These volumes then tended to 
decrease somewhat but still remained markedly elevated (about 3-fold the normal 
volume) as long as nursing continued. Within two to nine days following wean- 
ing the elevated micturition volume began to subside and reached a normal value 
in one to two weeks (fig. 3) . Concomitant with the elevated micturition volumes 
there was occasionally a slight increase in the total daily urine output. In these 
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cases the daily urine output became elevated during the last third of pregnancy 
and remained elevated until the time of weaning. The total volume during this 
time was frequently three times the normal. During the first three days follow- 
ing weaning or preweaning-removal of the young there was a temporary rise of 
the total daily urine volume to a level which averaged five times the normal 
values (fig. 3). At this time the mictuiition volume was decreasing. Changes 
in bladder response consequently do not appear to be directly related to the vol- 
ume of urine to be eliminated. 

Five animals had litters which died within the first week following parturition. 
As was pointed out previously, a rise in micturition volume had begun rather 
early in pregnancy (4th to 11th day). In most instances the maximum micturi- 
tion volume was reached shortly after parturition. The volumes remained 
elevated as long as the litters lived and usually remained high one or two days 
after death or removal of the young. The micturition volumes then fell precipi- 
tously and reached normal levels within two to ten days. In these animals the 
rise in total daily 1 " urine volumes was less marked than in the previous group and 
normality was attained immediately after loss of the litter. Comparison of the 
bladder changes observed to occur in these animals with those occurring when 
the litters were normally nursed, led us to conclude that lactation or the act of 
nursing prolonged the period of augmented micturition volume. To test tins 
hypothesis a seven and a ten-day-old litter were removed from their normally 
lactating and nursing mothers. The two mothers were manifesting the typically 
increased micturition volumes. There was an immediate decrease in micturition 
volume and the bladder attained its normal prepregnancy level of response 
within a few days. 

In five animals pregnancies resulted in abortion. The rise in micturition 
volume had begun very early in pregnancy and reached a peak at the time of 
abortion. The events, in all cases, were similar to those which occurred in rat 3. 
In this animal the initial micturition volume was 0.56 cc. Two days following 
mating the micturition volume began to rise, reaching 1.3 cc. on the 20th day. 
On the 22nd day of pregnancy the animal began to bleed. At this time the mic- 
turition volume rose to 2.2 cc., then dropped rapidly during the next seven days to 
0.6 cc. On the seventh day following bleeding the animal aborted a single fetus, 
following which the volume again rose reaching the maximum value of 1.8 cc. 
before it began to fall again. This volume was reached on the tenth day. Thir- 
teen days after the fetus was aborted the micturition volumes had returned to 
normal values . There was practically no rise in total urinary output at an}' time . 

The results obtained from unanesthetized postpartum rats were confirmed by 
the technique of artificial bladder distention. For example, two nursing female 
rats were anesthetized and their bladders exposed and artificially filled with 
warm saline. In both instances repeated tests revealed that the bladder could 
be filled to a much greater volume than before pregnancy. In one case emptying 
volumes were 1.84 cc., 2.15 cc., 1 .89 cc. as compared to 0.60 cc., 0.38 cc., 0.52 cc. 
observed before pregnancy and 1.01 cc., 0.79 cc., 0.70 cc. as obtained two weeks 
after weaning of the young. When exposed to a head of pressure of 90 cm. of 
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saline the bladder filled at a rate of 0.61 cc. per minute. This rate which was 
more rapid than normal indicated less tonic resistance to distention. The intra- 
vesicular pressure at which micturition occurred averaged 29.2 cm. of water, 
which is practically identical with the threshold pressure observed in normal rats. 
The trauma and irritation resulting from exposure and puncture of the viscus 
evidently caused hyperirritability of the bladder and a greater frequency of mic- 
turition. Micturition volumes decreased marked h r after the test although they 
did not immediately attain the normal prepregnancy level. 

4. Injections of alpha-estradiol benzoate. Twelve female and two male rats 
were given alpha-estradiol benzoate (Progynon-B, Schering) intramuscularly in 
amounts ranging from 0.0033 to 0.462 mgm. (20 to 2800 rat units) per rat, these 
amounts usually being given in divided doses over a period of 1 to 14 days. Total 
dosages amounted to from 0.1 to 13.9 rat units per gram of body weight. Two to 
six days following the beginning of such estrogen injections there was a rise in 
micturition volume similar to that seen in the pregnant animals (fig. 2). In four 
cases the rise did not begin until one week after termination of the injections. 
The maximum micturition volumes were attained in from 8 to 19 days after the 
initial rise became detectable and the peak volumes were from two to four times 
the normal values. After the maximum volume had been reached there was a 
progressive drop in the average daily micturition volumes. There was a great 
deal of variation but the normal characteristic micturition volume was again 
established within three to nineteen days (figs. 1-B, 3, 4). The two males in- 
jected with the estrogenic material showed similar changes though of lesser mag- 
nitude. In some instances the rise in micturition volume was accompanied b.y a 
two- to five-fold increase in the total daily urine output but there was no apparent 
relationship between magnitude of increase in fluid elimination and magnitude of 
bladder emptying volume. The rats varied greatly in their responsiveness to the 
estrogenic material. Some of the greatest changes in bladder tone resulted from 
the smaller injections (fig. 4). In two females there was no rise in micturition 
volume following injection of 0.066 to 0.28 mgm. (400 to 1700 rat units) alpha- 
estradiol benzoate per rat. It is possibly significant that these same animals 
likewise failed to show the usual picture of long continued estrus as determined 
by the vaginal smear method. 

Acute experiments performed on six injected rats at the period of greatest mic- 
turition volume supported the previously described evidence that this estrogenic 
material modified bladder responses. The bladder did not contract and the 
sphincters did not permit escape of fluid until abnormally great volumes were 
attained. In one instance (fig. 4) the actual figures were 4.03 cc., 3.75 cc. and 
3.8 cc. as compared to the animal’s previously and subsequently determined 
normal threshold volumes of 0.83 cc., 0.75 cc. and 0.S5 cc. The hypotonic con- 
dition permitted more rapid filling of the bladder than occurred before injection 
though the head of pressure was the same. The filling rate was 0.60 cc. to 1.2 cc. 
(average 0.88 cc.) per minute. The intravesicular pressure which resulted in 
opening of the sphincters averaged 27.3 cm. of water which was not greatly differ- 
ent from the average threshold micturition pressure of the normal rats. 
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5. Alpha-estradiol benzoate followed by progesterone. Three animals were given 
alpha-estradiol benzoate in closes ranging from 0.00079 to 0.0022 mgm. (4.8 to 
13.9 R.U.) per gram of body weight, following which they were given proges- 
terone (Proluton, Sehering) intramuscularly in dosages ranging from 0.023 to 
0.056 mgm. per gram of body weight. The estrogenic material was administered 
in daily amounts of 200 R.U. per rat for a period of four to fourteen days; the 
progesterone was given over a period of five to fourteen days, beginning five to 
twenty-one days after the estro'gen injections had started. In one instance a 
single injection of 200 rat units of estrogenic material was bracketed by injec- 
tions of progesterone (fig. 4). The observed rises in micturition volume resem- 
bled those resulting from the estrogenic material alone. The progesterone as 
administered did not seem to affect the micturition volume curve which follows 
injection of alpha-estradiol benzoate. The micturition volume began to rise 



Fig. 4. History of ratG. First injection — 200 rat units daily for S days; 2nd injection 
— 200 rat units daily for 4 days followed by daily injections of 1 mgm. of progesterone for 
6 days; 3rd injection — 20 rat units of estrogenic material for 2 days; 4th injection — 1 
mgm. progesterone for 5 days. On the third day 20 rat units of estrogenic material also 
given; 5th injection — 2 mgm. of progesterone daily for 4 days. 

two to eight days after the beginning of estrogen administration and the rise 
continued throughout the period of progesterone injection. Maximum mic- 
turition volumes of 1.3 cc. to 2.4 cc., representing a 2.2 to 2.8 fold rise in volume, 
resulted in 8 to 20 days following the onset of the estrogen injections. Recovery 
occurred and normal micturition volumes were reached between 25 and 33 days 
after the injections were first started. This showed no clear change from the 
picture obtained by giving estrogenic material alone (figs. 1-B, 3, 4). 

6. Progesterone. Eight animals were given progesterone alone in amounts 
ranging from 4 to 28 mgm. per rat over a period of 4 to 14 days. Two of these 
rats were males. Xo definite change in micturition volume resulted. Such 
quantities of progesterone should have been adequate to affect the uterus and 
other tissues of the rat (8, 9). These injections did inhibit temporarily the es- 
trous cvcles of our animals but neither technique of estimating bladder response 
showed consistent variat ions from normal . We were unable t o produce by men ns 
of this hormonal substance changes in bladder response similar to those observed 
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to occur in the pregnant and lactating rat. Figure 4 shows a case in which pro- 
gesterone apparently caused a rise in micturition volume; figure 1-B shows a case 
in which the hormone seemingly produced a fall. In all other instances no 
changes were seen. 

Discussion. Our measurements of bladder reactions in the rat consistently 
showed that during the last part of pregnancy and following parturition there is 
a tremendous rise in micturition volume. During this latter period a level of 
micturition volume is attained which is approximately five times greater than 
normal . This elevation is general^ maintained following parturition until wean- 
ing has occurred. Early death of the young or their early removal also causes 
a precipitous decrease in micturition volume to the prepregnancy level. That 
these changes in the volume at which micturition characteristically occurs are due 
- to changes in bladder muscle tone is indicated by several facts. Bladders of 
anesthetized postpartum rats can be filled artificially to an abnormally large 
volume before intravesicular pressure rises to a level which causes the sphincters 
to open. The intravesicular pressure which causes sphincter opening is practi- 
cally the same in normal as in these atonic bladders. In seeking an explana- 
tion one of the most obvious assumptions to make is that the changes in bladder 
tone have a hormonal origin. Hormones which are known to affect the tone of 
certain smooth muscles are liberated in great quantity by the placenta during 
pregnancy and by the ovaries during pregnancy and lactation. 

Langworthy, Kolb and Levis (2) have suggested that progesterone might be 
the hormonal cause of the observed bladder hypotonia. Corpora lutea develop 
gradually during pregnancy as do the changes in micturition volume. Corpora 
lutea are also present during lactation and they degenerate at weaning. Corpora 
lutea are active during the periods of bladder hypotonia and they degenerate at 
a time when bladder recovery is occurring. There are, however, several phenom- 
ena which cannot be explained on the basis of progesterone production and disap- 
pearance. Our failure to reproduce the bladder changes bj r injections of proges- 
terone blocks acceptance of the theory that this corpus luteum hormone is the 
sole cause of changes in bladder muscle tone. It might be, however, that some 
other corpus luteum hormone such as Relaxin is the agent modifying bladder 
response. We have no evidence either to establish or disprove tins latter hypoth- 
esis other than the fact that bladder changes similar to those observed in the 
pregnant and nursing rat can be produced by injections of alpha-estradiol benzo- 
ate alone. It is known (9) that from 0.5 to 2.0 mgm. progesterone are required to 
produce detectable changes in a rat’s tissues. The maximum doses which we used 
were only 14 to 46 times that amount. Estrogen injections, however, were from 
20 to 2000 times the minimal effective dosage. It must be admitted that, on this 
basis of calculation, our progesterone dosages were much smaller in magnitude 
than were the estrogen injections. Even on this basis of comparison the smaller 
amounts of estrogenic material which caused bladder changes were less in mag- 
nitude than some of the progesterone injections which failed to produce an effect. 

It is well known that progesterone alone may have little effect upon tissues but 
when preceded by estrogens it greatly modifies tissue responses. This applies 
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to uterine muscle (10). Uterine and ureteral muscle undergo similar changes 
during pregnancy (11). It consequently occurred to us that pretreatment of the 
rats with estrogenic material might reveal some effect of progesterone on the 
bladder. In the majority of experiments, however, progesterone, as given, 
seemed neither to add to nor detract from the characteristic estrogen effect. 

During spontaneously occurring estrus in the cat a marked reduction in mic- 
turition volume occurs (4). Alpha-estradiol benzoate injections produce a simi- 
lar drop in micturition volume. Following periods of spontaneous or artificially 
induced estrus, bladder volumes do tend to rise above normal but never as much 
as in the rat. Reactions of the two species during heat and during periods of 
estrogen injections are quite different. It may be that neural factors enter in to 
cause the species difference in bladder response. The postpartum bladder 
changes appear to be identical and since estrin seems to have opposite effects on 
the bladders of the two species this would favor the assumption that corpus 
luteum hormones rather than estrogens cause bladder hypotonia. This indirect 
evidence is not convincing in the light of more direct tests. 

Lisco and Biskind (12) have claimed that high concentrations of estrone produce 
marked changes in the bladder wall and extreme dilatation frequently occurs. 
In our experiments on the rat injections of alpha-estradiol benzoate also caused a 
bladder hypotonus. We never observed a reduction in micturition volume in 
this species. Since injections of estrogenic materials produce changes in bladder 
response similar to those observed to occur following parturition one should 
consider the possibility that these postpartum changes are due to changes in 
estrogen production by body tissues. It is well known that the estrogen content 
of the urine rises during pregnancy then drops sharply after parturition (13, 14). 
One peculiarity observed in our experiments was that bladder changes frequent!}' 
did not appear until after termination of estrogen injections. In a few rats the 
estrons cycle had been re-established before the rise in micturition volume had 
begun. This might be explained on the basis of a slow action of the hormone on 
the bladder. One could also hypothecate that hypotonia occurs most markedly 
in the bladder as recovery from estrogen modification is taking place. In the 
postpartum rat the greatest changes in the bladder occur as estrogen production 
is diminishing. The early large increments in micturition volume observed in 
pregnancies terminating in abortions and abnormal labor might be explained on 
the basis of abnormal placental function and early termination or diminution of 
estrogen production. The observations that nursing or lactation prolongs the 
period of bladder hypotonus and the sudden termination of suckling causes swift 
recovery of normal bladder tone are not easily explained on the basis of estrogen 
production or termination of such a production. It is possible that the ovaries 
in addition to producing more corpus luteum hormone during the lactation period 
are also forming estrogens in considerable quantity. The fact that estrogens 
tend to prevent lactation (14) argues against this assumption. We are not 
certain that variations in estrogen production are solely responsible for all ob- 
served changes in bladder tone. 

It is frequentl}' stated that abdominal operations tend to inhibit the bladder. 
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It has been suggested that the pain and trauma resulting from parturition might- 
cause the postpartum retention. In the rat the changes are of such long duration 
that tins explanation seems inadequate. Furthermore, exposure and puncture 
of the bladder during artificial perfusion experiments tended to reduce micturi- 
tion volume (fig. 4). Pain and trauma may modify bladder reflexes but they 
are not the sole factors. 

In some pregnancies bladder changes are rather slight and in some animals 
modifications of micturition volume do not follow administration of estrogenic 
material. Despite our lack of full understanding of the origin of changes ob- 
served to occur in the rat during pregnane}' - and following parturition and follow- 
ing hormone injections it seems reasonable to assume that hormones do modify 
bladder reactions. It is also clear that changes in micturition volume indicate 
changes in hormone production within the body. 

These studies indicate that, at least in the rat, a slight and gradually develop- 
ing decrease in frequency of micturition during pregnancy is normal. The 
average volume of individual micturitions may double. A great diminution in 
frequency and a great (400 to 500 per cent) increase in micturition volumes, how- 
ever, indicate an abnormal termination of pregnancy. 


SUMMARY 

In rats there is normally a slight rise in micturition volume during pregnane}' 
and a tremendous rise (averaging over 500 per cent) in the volume of individual 
micturitions following parturition. 

There is a great variation in the rise in micturition volume in rats during preg- 
nancy. This is correlated with the outcome of the pregnancy; i.e., in those ani- 
mals whose pregnancies end in abortion or in early death of the litter, the rise 
begins quite early in pregnancy, whereas in those animals that give birth to living 
litters that survive until the time of weaning, the rise begins relatively late. 

Following parturition the micturition volume remains high or is even elevated 
to a higher level. Micturition volume decreases somewhat during lactation but 
a normal frequency and volume of micturition is not restored until death of the 
young or until weaning. 

Administration of an estrogenic substance (alpha-estradiol benzoate) produces 
an elevation of micturition volume which is similar to that seen during pregnancy 
and following parturition. 

Progesterone, as administered in these experiments, does not produce any 
observable changes in bladder responses in the rat. 

REFERENCES 

(1) Reed, C. B. Am. J. Obstet. 49: 145, 1904. 

(2) Langworthy, O.R.jL. Kolb and L. G. Lewis. Physiology of micturition. Williams 

& Wilkins Co., Baltimore, 1940. 

(3) Standee, H. J. Williams’ Obstetrics. 8th ed., D. Appleton Century Co., New 1 ork, 

1941. 

( 4 ) Woolsey, C. N. and C. McC. Brooks. This Journal 119: 423, 1937. 

(5) Langworthy, O. R. and C. B. Brock. Am. J. Obstet. and Gynec. 37: 121, 1939. 



542 


WESLEY E. LEONARD AND CHANDLER MCC. BROOKS 


(6) Langworthy, 0. It., D. L. Reeves and E. S. Tauber. Brain 57: 266, 1934. 

(7) Schultz, W. H. ' J. Urol. 34: 156, 1935. 

(8) Phillips, W. A. This Journal 119: 623, 1937. 

(9) Szarka, A.J. J. Endocrinol. 2: 1, 1940. 

(10) Wilson, L. and R. Kuhzrok. Endocrinol. 26: 587, 1940. 

(11) Tratjt, H. F., C. M. McLane and A. Kuder. Surg., Gynec. and Obstet. 64: 51, 1937. 

(12) Lisco, H. and G. R. Biskind. Endocrinol. 27 : 772, 1941. 

(13) D’Amour, F. E., D. Funk and M. B. Glendenning. Proc. Soc. Exper. Biol, and Med. 

35: 26, 1936. 

(14) Allen, E. Sex and iriternal secretions. 2nd ed., Williams & Wilkins Go., Baltimore, 

1939. 



EFFECTS OF EXTRACTS OF THE HYPOPHYSIS, THE THYROID AXD 
THE ADRENAL CORTEX OX SOME RENAL FUNCTIONS 

PETER HEINBECKER,' DORIS ROLF and II. L. WHITE 

From the Departments of Surgery and Physiology, Washington University School of Medicine, 

St. Louis, Missouri 

Received for publication April 19, 1943 


We have reported (I) that diodrast 1 2 (13) and iiiulm (In) plasma clearances 
and maximum tubular output of diodrast (DT m ) are markedly decreased by loss 
of the anterior lobe of the hypophysis. The decreases in D and In plasma clear- 
ances were attributed to a decrease in renal blood flow and the decrease in 
DT m not only to a decrease in renal blood flow but also to a depression of the 
functional capacity of the tubules to transport D at high plasma levels. These 
depressions of renal function were observed as early as 7 days after removal of 
the glandular hypophysis and they have persisted at the original level or de- 
creased for more than two years. Because of the early onset of the change it was 
believed that the effect was probably direct rather than indirect through atrophic 
changes in other endocrine glands. 

In this report evidence is presented to support this belief in that it is show;i 
that an extract of the hypophysis of the sheep 2 markedly increases D and In 
plasma clearances and DT m in normal, in simple hypopliysectomy, in total hvpo- 
phvsectomy and in puncture dogs. Thyroid extract also increases these renal 
functions but to a lesser degree. Only in the puncture dogs does adrenal 
cortical extract 3 have any significant incretory effect. 

Preparation of animals. Trained adult female dogs were used as experi- 
mental animals. They were on a diet of one pound of raw horse meat daily with 
Purina dog chow ad lib. Operations on the hypothalamus or hypophysis were 
carried out through the oral approach. Simple hypopliysectomy consisted in 
the removal of the glandular hypophysis and the posterior lobe. The median 
eminence was not removed. A dog so prepared does not exhibit diabetes in- 
sipidus and does not become markedlj' obese (0 to 20 per cent increase). Total 
or complete hypopliysectomy consisted in removal of the entire glandular and 
neural hypophysis (median eminence included). Such a dog exhibits marked 
diabetes insipidus and becomes quite obese. “Puncture” consisted in the 
severance of the stalk and the removal with a special instrument of the median 
eminence and overlying tissues caudal to and above the median eminence. 
Such a dog exhibits marked diabetes insipidus and becomes markedly obese. 

Procedure. Previous to any hormone treatment, control experiments were 

1 Recipient of a grant-in-aid of research from the Commonweal tli Fund. 

2 The Diodrast and Rreloban Xiphanoid used in this research were generously supplied 
by the Winthrop Chemical Company. 

3 The adrenal cortical extract used in this research was supplied in part by the Upjohn 
Company. 
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performed on all animals to determine D and In plasma clearances and DT m . 
After normal values had been obtained, hormone administration was begun 
and clearance experiments were run, usually on the seventh or eighth and on the 
fourteenth or fifteenth day after daily hormone administration. Adequate time 
was allowed for the animals to recover from any of the effects of the hormone 
therapy before another extract was given. Thyroid extract was given orally, 
0.1 gram per kilo per day. In the case of the hypophysectomized animals, all 
of which showed more or less increase in weight, the dose was given on the basis 
of their preoperative weights. Such a dose will increase the basal metabolic 
rate 25 to 40 per cent in 10 to 14 days. Preloban Niphanoid 2 was given sub- 
cutaneously, each dog receiving 200 hypophysectomized rat units per day, with 
the exception of K17 which was given 100 units per day. Adrenal cortical 
extract 3 was given subcutaneously, some animals receiving 4 cc. per day and 
others 8 cc. 

In the preparation of the animals for carrying out the clearances and the 
chemical methods for determining urine and plasma inulin and diodrast iodine, 
the procedures were identical with that described in a previous paper (White, 
Heinbecker and Rolf, loc. cit.). There were four normal, two simple hypo- 
physectomy, two complete hypophysectomy and two puncture dogs in the series 
reported on. Of these one dog from each of the groups altered by an operation 
was autopsied to determine the state of the hypophysis or the hypothalamus. 
In every instance the examination of serial sections of the region involved indi- 
cated the correctness of the label attached to the designated group. 

Results. D plasma clearance. The results are shown in table 1. Hypo- 
physial extract produces a definite increase in clearance in all dogs tested. The 
average of three experiments on three normal dogs shows an increase from a 
base level of 317 cc./min./M 2 to 415 cc.; two experiments on 1 simple hypo- 
physectomy dog, an increase from 124 cc./min./M'- to 291 cc.; four experiments 
on two total hypophysectomy dogs, an increase from 179 cc./min./M 2 to 283 cc.; 
and two experiments on one puncture dog, an increase from 279 cc./min./M 2 
to 361 cc. The effect is well established within seven days and the clearance 
remains elevated with continued administration of the extract up to 15 daj r s. 
bio attempt was made to extend the period of observation. 

Thyroid extract produces an increase in clearance in all dogs tested but in 
general the effect is not so marked as that, produced by hypophysial extract. 
As with hypophysial extract the greatest percentage increase occurred in the 
simple and total hypophysectomy dogs. In these, renal function was diminished 
previous to hoimone therapy. The average of six experiments on three normal 
dogs shows an increase from a base level of 362 cc./min./M 2 to only 378 cc.; 
two experiments on one simple hypophysectomy dog show an increase from 
124 cc./min./M 2 to 211 cc.; two experiments on one total hypophysectomy dog, 
an increase from 153 cc./min./M 2 to 235 cc. and two experiments on one puncture 
dog, an increase from 279 cc./min./M 2 to only 292 cc. 

Adrenal cortical extract either left the clearance unchanged or showed a tend- 
ency to decrease it with the exception of the puncture dogs in which there was 
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an increase. The average of two experiments on two normal dogs showed a 
variation from a base level of 284 cc./min./M- to 281 ec.; two experiments on 
two simple hypophyscctomy dogs a variation from 116 cc./min./M 2 to 105 cc.; 
four experiments on two total hypophyscctomy dogs a variation from 179 
cc./min./M 2 to 162 cc. and one experiment on one puncture dog, an increase 
from 279 cc./min./M 2 to 324 cc. 

In plasma clearance. The results arc shown in table 1. Hypophysial extract 
produces a rise in inulin clearance in all dogs but not to so marked an extent 
as was observed in the D plasma clearance. The average of three experiments 


TABLE 1 



D CLEARANCE 

In clearance 

DTm 


cc./min./M 2 

cc./min./M- 

mgJ/min./M 2 

Normal: 



1 

1 







Before extract 

317 

362 

2S4 

95 

110 

S3 

21.2 

20.8 

15 

After extract 

p 

T 

A 

P 

T 

A 

P 

T 

A 


415 

37S 

2S1 

123 

121 

107 

34.1 

30.8 

12.3 

Simple .hypophyscctomy : 





! 





Preoperative 

279 

279 

273 

S3 

S3 

79 

14.8 

14.8 

15.2 

Postoperative, before extract. . . . 

124 

124 

116 

50 

50 

50 

2.4 

2.4 

2.4 

After extract 

P 

T 

A 

p 

T 

A 

P 

T 

A 


291 

211 

105 

S4 

73 

47 

11.1 

11.1 

2.2 

Total hypophyscctomy: 


i ' 




! 




Preoperative 

353 

344 

353 

120 

119 

120 

17.8 

12.3 

17.8 

Postoperative, before extract 

179 

153 

179 

6S 

65 

68 

6.7 

8.8 

6.7 

After extract 

P 

T 

A 

P 

T 

A 

P 

T 

A 


283 

235 

162 

S3 

71 

47 

14.4 

12.6 

5.6 

Puncture: 










Preoperativc 




No observations 



Postoperative, before extract 

279 

279 

279 

91 

91 

91 

2S.2 

23.4 

2S.2 

After extract 

P 

T 

A 

P 

T 

A 

P 

T 

A 


361 

292 

324 

131 

102 

116 

34.9 

27.6 

26.6 


P — Anterior pituitary extract; T — Thyroid extract; A — Adrenal cortical extract. 


on two normal dogs shows an increase in In plasma clearance from a base level 
of 95 cc./min./M 2 to 123 cc.; two experiments on one simple hypopliysectomy 
show an increase from 50 cc./min./M 2 to 84 cc. ; four experiments on two total 
hypopliysectomy dogs show an increase from 68 cc./min./M 2 to 83 cc. and two 
experiments on one puncture show an increase from 91 cc./min./M 2 to 131 cc. 
Again the effects are quite marked at, the end of seven days. 

Thyroid extract also produces an increase in In clearance but at the dosages 
employed the increase is not quite so great as that produced with hypophysial 
extract. The average of six experiments on three normal dogs shows an increase 
in In clearance from a base level of 110 cc./min./M 2 to 121 cc.; two experiments 
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on one simple show an increase from 50 cc./min./M 2 to 73 cc.; two experi- 
ments on one total show an increase from 65 cc./min./M 2 to 71 cc. and two ex- 
periments on one puncture show an increase from 91 cc./min./M 2 to 102 cc. 

The effects produced hy adrenal cortical extract on the In clearance are vari- 
able. Both simple and total hypophysectomy dogs showed some tendency to- 
ward a decrease, the puncture dogs showed an increase corresponding to the 
increase in D plasma clearance, thus indicating an actual increase in blood flow. 
The normal dogs showed an increase in In clearance without a corresponding 
increase in D plasma clearance, a result probably due to constriction of the 


TABLE 2 
Puncture dog K IS 





AVERAGE 





DATE 

BODY 

LENGTH 

WEIGHT 

URDvE 
OUTPUT 
PER DAY 

HORMONE ADMINISTRATION 

D CLEAR- 
ANCE 

I CLEAR- 
ANCE 

DTm 


cm. 

k gw. 

CC, 


cc./min./ 

it- 

cc./min./ 

ir- 

mgmJ/ 
min./M 2 

12/30/40 

85.4 

14 


none 


82 

13.4 

pre-op. 
10/13/41 
237 days 
post op. 


25.7 

5,500 

none 

251 

85 

13.3 

3/ 6/41 


31.5 

6,000 

9 days thyroid extract 

3SS 

127 

19.95 

3/10/42 


31 


15 days thyroid extract 

379 

115 

34.4 

5/14/42 


34 

6,500 

8 days anterior lobe 

45S 

12S 

27.22 




1 

extract 




5/21/42 


34.5 


15 days anterior lobe 

332 

116 

26.5 





extract 




7/27/42 

91.0 

35.5 

5,800 

S days adrenal cortical 

SB 

116 

9.95 





extract, 4 cc./day 




9/29/42 


37 

7,000 

S days adrenal cortical 

460 

140 

21.3 





extract, S cc./day 




1/ 8/43 
6S6 days 
post op. 

1 

1 36. 2 

5,600 

none 

462 

129 

18.6 

3/26/43 

| 91.0 

38 

5,500 

none 



2S.96 


glomerular arterioles. The average of two experiments on two normal dogs 
shows an increase from a base level of S3 cc./min./M 2 to 107 cc.; two experiments 
on two simple hypophysectomy dogs show a slight decrease from 50 cc./min./M 2 
to 47 cc.; four experiments on two total hypophysectomized dogs show a de- 
crease from 68 cc./min./M 2 to 47 cc. and one experiment on one puncture shows 
an increase from 91 cc./min./M 2 to 116 cc. 

DT m . The results are shown in table 1. Hypophysial extract produces a very 
marked increase in DT in in all animals, a rise greater than that observed in any 
of the other functions tested. The average of three experiments on three normal 
dogs showed an increase in DT m from 21.16 mgm. iodine/min./M 2 to 34.13 mgm.j 
two experiments on one simple hypophysectomy show an increase from 2.3/ 














GLANDS OF INTERNAL SECRETION AND RENAL FUNCTION 547 

mgm./ xnin./M- to 11.05 mgm.; four experiments on two total hypophysectomy 
dogs show an increase from 6. /I mgm./min./M 2 to 14.36 mgm. and one experi- 
ment on one puncture showed an increase from 28.17 mgm./min./M 2 to 34.89 
mgm. In all cases in which the DT m was tested after one week and after two 
weeks of daily hormone administration, the value at the end of two weeks was 
higher. 

Thyroid extract produced a marked increase in DT m in the normal, simple 
hypophysectomy and total hypophysectomy dogs and a small increase in the 
puncture dogs. The simple hypophysectomy type was the only one showing an 
increase equal to that produced by a hypophysial extract. The average of six 
experiments on three normal dogs showed an increase in DT m from a base level 
of 20.75 mgm. iodine/min./M 2 to 30.79 mgm.; two experiments on one simple 
hypophysectomy an increase from 2.37 mgm./min./M 2 to 11.10 mgm.; two ex- 
periments on one total hypophysectomy an increase from 8.8 mgm./min./M 2 to 
12.57 mgm. and three experiments on two puncture dogs an increase from 23.38 
mgm./min./M 2 to 27.58 mgm. 

Adrenal cortical extract left the DT m almost unchanged with a possible slight 
tendency toward a decrease. The average of two experiments on two normal 
dogs showed a change from a base level of 15.02 mgm./min./M 2 to 12.33 mgm.; 
one experiment on one simple hypophysectomy a change from 2.37 mgm. /min./ 
M 2 to 2.22 mgm. ; four experiments on two total hypophysectomy dogs a change 
from 6.71 mgm./min./M 2 to 5.56 mgm. and one experiment on one puncture dog 
a change from 28.17 mgm./min./M 2 to 26.6 mgm. 

The results on one puncture dog Iv-lS are presented separately in table 2. 
They arc unique in that the base line for D and In clearances and DT m increased 
markedly with time after operation. Interesting also is the observation that this 
dog even though considered full grown at the time of the operation increased con- 
siderably in length postoperatively. It seems possible that in this dog the 
eosinophil cells of the hypophysis have increased in number or effectiveness 
over the normal. The results show that hypophysial extract, thyroid extract 
and adrenal cortical hormone increased certain renal function and renal blood 
flow but not to the same degree as in the other puncture dog of this series in which 
the base line remained at its preoperative level. 

Discussion. One of the primary objects of this investigation was to test 
further the validity of the conclusion previously drawn (White, Ileinbecker and 
Rolf, loc. cit.) that the glandular hypophysis exercises a humoral influence on 
renal blood , flow and diodrast transport at high plasma levels. The results 
herein reported support the thesis in that hypophysial extract has been shown 
capable of augmenting D and In plasma clearances and DT m in normal, in simple 
hypophysectomy, in total hypophysectomy and puncture dogs. Such augmen- 
tation is marked where there has been a depression due to the removal of the 
glandular hypophysis. 

Because of the rapidity with which the depression of renal function was ini- 
tiated after hypophysectomy, it was believed probable that the action of the 
hypophysial hormone was in large measure a direct one. Among the possible 



■54S 


PETER HEINBECKER, DORIS ROLF AND II. L. WHITE 


indirect pathways for such an influence, that of the thyroid and of the adrenal 
cortex now have been explored. The results indicate that the thyroid gland, 
particularly in states where thyroid activity is depressed, is capable of augment- 
ing those renal functions which are augmented by hypophysial extract. Certain 
evidence would indicate that in the intact animal the degree of its influence on 
the kidney is probably less than that of the glandular hypophysis. Total thy- 
roidectomy depresses the basal metabolic rate at the most 30 to 40 per cent in 
six to eighff weeks. The depression in general blood flow presumably is not 
greater than this. The 50 per cent or greater decrease in renal blood flow after 
hypophysectomy comes on within four to six days. Hvpophysectomy depresses 
the basal metabolic rate in dogs 15 to 20 per cent. Again without doubt the 
depression in general blood flow effected thereby is much below the depression in 
renal blood flow associated with the loss of the hypophysis. 

Additional support for the belief that normally the thyroid gland exercises 
relatively little influence on the renal functions herein studied or on renal blood 
flow comes from the finding that in puncture dogs where there is no renal depres- 
sion regressive changes occur in the thyroid gland similar to those which occur 
after hypophysectomy. In puncture dogs the changes in the thyroid are secon- 
dary to a loss of basophil cells in the anterior lobe of the hypophysis which follows 
the hypothalamic injury (unpublished data). 

The observed effects of cortical extract on renal function in the dog indicate 
fairly conclusively that the trophic influence of the hypophysis is not exercised 
through stimulation of the adrenal cortex. Supporting evidence that the adrenal 
cortex does not influence renal function has been presented by Barnett, Perley 
and Ileinbecker (2) in their studies of a case of Cushing’s syndrome due to an 
adrenal cortical tumor. In this patient D and inulin clearances and DT„, were 
normal. 

Other evidence that the hypophysis exercises a marked influence on the kidney 
is found in the demonstration by Winternitz et al. (3) and by White, Ileinbecker 
and Rolf (4) that one remaining kidney does not hypertrophy in the hypophysec- 
tomized animal. Barnett, Perley and Ileinbecker (loc. cit.) also have shown that 
in acromegaly the urea clearance may be markedly elevated (up to 230 per cent 
of normal). These investigators hold that under certain conditions renal func- 
tion studies can serve to measure the functional activity of the eosinophil cells of 
the glandular hypophysis. 

SUMMARY 

Subcutaneously administered extracts of the glandular hypophysis increase 
the diodrast and inulin clearances and the maximum excretion of diodrast at high 
plasma levels in normal, in simple, hypophysectomy, in total hypophysectomy 
and in “puncture” dogs, i.e., those with a hypothalamic lesion of a type causing 
diabetes insipidus and obesity. 

Orally administered thyroid extract causes a similar though less marked in- 
crease in the above renal functions. 

Subcutaneously administered adrenal cortical extract does not increase but 
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tends rather to decrease diodrast clearance in normal, in simple hypophyseetonw 
and in totally hypophysectomized dogs. It increases diodrast clearance in the 
hypothalamic puncture dog. Inulin clearance in normal, in simple and in total 
hypophysectomy dogs usually is decreased by it but occasionally there is a mod- 
erate increase believed due to constriction of the glomerular arterioles. It 
increases diodrast and inulin clearances in the hypothalamic puncture dog. 
Diodrast T m is decreased in the normal and in all the types of experimental dogs 
studied. 

The results are interpreted as indicating that in normal, in simple and in total 
hypophysectomized dogs anterior lobe extract and thyroid extract increase renal 
blood flow and also increase the capacity of the renal tubules to transport dio- 
drast at high plasma levels. Adrenal cortical extract docs not increase, probably 
decreases renal blood flow slightly. It does not increase the capacity of the renal 
tubules to transport diodrast at high plasma levels. 

In dogs of the “puncture” group anterior lobe extract, thyroid and adrenal cor- 
tical extract increase renal blood flow. Anterior lobe and thyroid extracts in- 
crease the capacity of the renal tubules to transport diodrast at high plasma levels 
but adrenal cortical extract does not. 

The great effectiveness of anterior lobe extract in increasing renal blood flow 
and the capacity of renal tubules to transport diodrast is support for earlier evi- 
dence indicating that the anterior lobe of the hypophysis exerts a trophic influ- 
ence on the kidney. 
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Reflex slowing of the heart in the human subject is demonstrable in response 
to pressure on the eyeball — the oculocardiac reflex — and to inhalation of ir- 
ritating vapors which stimulate either the endings of the nasal branches of 
the 5th nerve, or the sensory endings of the pulmonary vagus. The oculocardiac 
reflex has been made the subject of successful conditioning in man by eliciting 
this reflex at the same time as sounding a bell (1). Since the rabbit exhibits 
so marked a cardio-inhibitory response to inhalation of ammonia, it was thought 
that this animal might prove to be a good subject for determing whether slow- 
ing of the heart could be conditioned in a lower animal as well as in man. 

A special canvas sling was prepared to support the rabbit with its legs hang- 
ing down through holes. Straps over its back held the animal in a comfort- 
able position and prevented too violent struggling. Zinc electrodes on the 
shaven legs which had been moistened with saline, made connection Avith a 
string galvanometer. The animal Avas so placed that it could not see the experi- 
menter as he manipulated the galvanometer, and the room Avas quiet and in 
darkness except for the light necessary to Avatch and to record movements of the 
shadoAV of the galvanometer string. A tube from a bottle containing ammonium 
hydroxide terminated just beneath the rabbit’s nose. By means of a foot lever 
the operator could let loose a stream of ammonia A r apor from this tube, the A r apor 
being forced out by air Avhich entered the bottle under pressure. 

Each rabbit Avas brought into the experimental room at the same time each 
day and was handled very gently to avoid frightening. In accordance Avith 
Pavlo^/’s suggestion an animal Avas allowed to become accustomed to the presence 
of one experimenter, and the same person handled it throughout the entire pro- 
cedure. 

Twenty minutes’ rest Avas alloAved after placing the animal in position, since 
it Avas found that this period was sufficient for the animal to become relaxed 
and the heart rate steady, an absolutely necessary condition for the experiment. 
This could readily be established by counting the SAvings of the shadoAV of the 
galvanometer string A'isible to the operator. This preliminaiy procedure Avas 
repeated on three successive days in order to accustom the animal to the experi- 
mental setup. Photographic records AA'ere then taken to sIioav the normal heart 
rate, the effect of the bell alone, and of the ammonia alone. The heart rate was 
determined as beats per second using the crest of the QRS complex as guides 
and making measurements Avith as great an accuracy as possible by means of 
dividers. The film Avas run at a rate of 4 cm. per sec., Avith a time marker in- 
dicating each -4r, of a sec. 
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Conditioning was begun by sounding the bell and releasing the ammonia simul- 
taneously. In a preliminary experiment in which a stethoscope was used to 
count the heart beats, the bell was rung for 20 sec. and at the same time an open 
ammonia bottle was thrust under the animal’s nose. After 50 such pairings 
there appeared to be a decrease of about 50 beats per min. to the sound of the bell 
without application of ammonia. The difficulty in recording accurate^ a heart 
rate of over 200 beats per min. by this method led to the use of the electro- 
cardiograph, but the time of ringing the bell and the amount of ammonia inhaled 
had to be reduced in order to avoid bodily movements which interfered with the 
electrical recording of the heart beat. A further experiment in which the bell 
was rung for 1 sec. onty gave slight but definite indication of conditioning. In 
the final experiments the bell was rung for 5 sec. and the ammonia was allowed 
to flow onfy until the shadow of the galvanometer string showed that the ani- 
mal’s heart rate had become definitely slower, a matter of about 3 sec. Five 
such pairings were made daily with a rest of at least 5 min. between trials. To 
test whether conditioning had been established, the bell was rung without re- 
leasing ammonia at the end of each 10 pairings. Conditioning was evident after 
20 pairings, but the response after 30 was much more striking. 

Seven young but fully grown rabbits were put through this routine, three 
females and four males. Two of them, both males, proved unmanageable. 
Their movements so interfered with the recording that even after 20 trials they 
had to be discarded. The results on each of the five rabbits which we were able 
to condition were essentially the same, whether the animals were male or female. 

The normal heart beat, once the animal had settled down in the cradle, showed 
a slight degree of arrythmia, but in the quiet, darkened room the greatest vari- 
ation from the mean for minutes at a time would be 12 beats per min., usually 
less. Average rates were 228, 234, 222, 217, each characteristic of a given rab- 
bit on a given day. The effect of the bell alone at the beginning of experimenta- 
tion was an immediate increase in heart rate. This was evident from watching 
the shadow of the galvanometer string, but was impossible to count on the photo- 
graphic records because of the irregularities due to general muscular movements 
in this “startle” response. The effect of inhalation of a single whiff of ammonia 
at the beginning of experimentation was an immediate and striking slowing of 
the heart rate from some 225 beats to about 55 per min. The slow rhythm per- 
sisted for about 7 sec. when the rate began to pick up. It had returned to normal 
within another 15-20 sec. 

After conditioning was established the response to the bell alone was as follows: 
an immediate irregularity of the heart beat with indications of an increase of 12- 
1S beats per min. ; in less than 2 sec. this was followed by an abrupt decrease of at 
least 30-3G beats per min. each with a plainly marked QRS complex. This rate 
was 1S-24 beats below the normal resting rate and therefore beyond the range of 
the normal arrythmia. The effect is perhaps more strikingly shown by timing 
the intervals between individual beats as in the following record of rabbit G: 

Before the bell was sounded the interval was 0.2G sec. for 4 consecutive beats. Imme- 
diately following the first stroke of the bell the interval shortened to 0.16 sec., and then 
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apparently to 0.10, the 2nd QRS complex being difficult to make out. The 3rd interval 
lengthened to 0.28, the 4th to 0.33, and throughout the rest of the 5 sec. period while the 
bell was ringing the interval remained in the neighborhood of 0.37. The interval returned 
to 0.26 exactly 3.6 sec. after the bell stopped ringing and remained at approximately this 
figure. On the basis of beats per min. this means that the rate before and after the bell 
was 230 per min. while during the ringing of the bell it was 162, a decrease of 6S beats per 
min. 

It must be emphasized that intervals between beats when ammonia was pre- 
sented might be as long as 1.3 sec., whereas in the conditioned response the inter- 
val was never more than 0.4 sec. Nevertheless the time by which the interval 
lengthened during ringing of the bell alone after 30 pairings with ammonia, 
viz., 0.11 sec. in the protocol quoted above, was more than 5 times the maximum 
variation observed while the animal was at rest, viz., 0.02 sec., the latter, of 
course, being either a lengthening or shortening; of the interval. This, there- 
fore, was considered sufficient evidence that conditioning had been established. 

Further proof that this was indeed a case of conditioning was afforded by use 
of the method of extinction. Each rabbit was at the end of the experiment 
exposed to the sound of the bell alone without ammonia for 20 trials. Electi-o- 
cardiographic records taken at the end of this period showed only the short pre- 
liminary increase in heart rate or no change at all. There was no decrease in 
rate during the 5 sec. of bell ringing beyond a return to the normal rhythm with 
its possible variation of 12 beats per min. The conditioned slowing of the heart 
had become extinct. 


SUMMARY 

It is possible so to condition a rabbit as to slow its heart rate by using in- 
halation of ammonia as the unconditioned stimulus and the ringing of a bell as 
the conditioned stimulus. 
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The purpose of this study was to determine by oscillographic procedure the 
distribution of the afferent association fibers from the pyriform lobe of the dog 
to other parts of the cerebral cortex, and to record briefly some confirmatory 
work on the afferent fibers from the olfactory bulb to the pyriform lobe. 

Anatomical connections from the olfactory bulb to the pyriform lobe and amyg- 
daloid nuclei have been established by many investigators. Hasama (1934) 
obtained action potential spikes from the pyriform lobe as a result of inhalations 
of quajacol, indol and chinolin. These were not obtained after cocainization of 
the nasal epithelium. Adrian (1942) obtained strong potential waves from 
inhalation and insufflations of air into the nostrils and these waves were altered 
when the air included clove and asafetida vapors. From this he concluded that 
the olfactory organ could be stimulated mechanically and chemically. Magoun 
cl al. have reported by abstract that potentials were obtained from the pyriform 
lobe of the cat following stimulation of the olfactory bulb. The writer modified 
somewhat the technique of Hasama and Adrian. Xylol, a more powerful 
olfactory stimulant than cloves and asafetida (1929), was used in addition, and 
mechanical stimulations through the trigeminal and vagus nerves were eliminated 
by a previous procedure (192S-9). The approximate time of stimulation of the 
nasal epithelium by a vapor was recorded in the middle tracing of each record 
(fig. 2, A) by vapor from a branched tube contacting a microphone. 

Oscillograph records from the pyriform lobe (fig. 1, points 2, 3 and A) taken 
at the time of insufflation of xylol, cloves, asafetida or room air always demon- 
strated conspicuous spikes within approximately one-fifth of a second from the 
time the vapor reached the nasal epithelium (fig. 2 A, top record, middle for 
microphone and bottom for time). Likewise single shock stimulation of the 
olfactory bulbs was followed in approximately 10 milliseconds by pronounced 
spikes (fig. 2 B). Ordinarily the spikes following bulb stimulation were the 
largest and those from the air insufflations were the smallest. 

Stimulation of the pyriform lobe at points 3 or .{ (fig. 1) with single shock re- 
sulted in conspicuous spikes in approximately 3 milliseconds from the ventro- 
lateral portion of the prefrontal area (fig. 1, points 8. 9. JO and po-sibly 20 K 
but not from other cortical areas (points o to 7 and / /to 19). Stimulation of the 
pyriform lobe was followed by antidromic potentials m the olfactory bulb, but 
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stimulation of the bulb did not alter the rhythm from points 8, 9 and JO from the 
prefrontal area (fig. 2 D). After under cutting the prefrontal area at points S, 
9 and 10 from the rear in one dog, stimulation of the pyriform lobe no longer 
elicited spikes from the prefrontal area. 
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D 
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Fig. 1. Areas indicated by numerals represent points on a dog’s brain which were stimu- 
lated or from which potentials were recorded. 

Fig. 2. Oscillograph records in which an upward spike is negative. A. Top row, from 
pyriform lobe at time asafetida was insufflated into the nostril; middle row, simultaneous 
microphone record starting approximately at the time the vapor reached the olfactory 
epithelium; bottom row, 60 cps. 0.3 mv. B. From pyriform lobe during single shock 
stimulation of olfactory bulb. C. From prefrontal area (S) during stimulation of pyriform 
lobe. D. From prefrontal area (S) during stimulation of olfactory bulb. Records B to D, 
200 cps. 0.3 mv. 


Discussion. While Adrian’s deduction may be correct that the olfactory 
organ is stimulated mechanically from air insufflations as well as from olfactory 
stimulating vapors, it is also possible that the keen olfactory sense of dogs may 
detect odors from inhalations or insufflations of air that cannot be detected by 
man. The spikes following our air insufflations were not elicited from trigeminal 
or vagal stimulation. 

That potentials were recorded from the dog’s prefrontal cortex (points 8, 9 
and 10) following stimulation of the pyriform lobe is not surprising since it sug- 
gests the presence of association fibers corresponding to the uncinate fasciculus 
of higher vertebrates. The presence of association fillers from the pyriform lobe 
to the prefrontal area may explain the significance of these areas for obtaining 
correct conditioned differential foreleg responses with olfactory analysers (1940, 
1941) and the relative unimportance of the prefrontal area for obtaining correct 
differential responses with auditoiy, general cutaneous and optic stimuli (1943). 

SUMMARY 

Action potentials from the pyriform lobe followed single shock stimulation of 
the olfactory bulbs or insufflations of xylol, cloves, asafetida or laboratory air 
into the nostrils of dogs in which trigeminal and vagal stimulation had been 
eliminated. 


OLFACTORY CORTICAL POTENTIALS 


555 


Single shock stimulation of the pyriform lobe evoked potentials from the 
ventro-lateral portion of the prefrontal area and antidromically from the ol- 
factory bulbs, but not from other cortical areas. No spikes were recorded from 
the prefrontal area following stimulation of the olfactory bulbs or from stimulat- 
ing the pyriform lobe of one dog after areas 8 , 9 and 10 had been under cut from 
the rear. 
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The association of disorders of the liver with the diminution of the total protein 
of the plasma was shown in clinical studies of the blood in hepatic disease by 
Grenet (I) and by Gilbert and Chi ray (2). Numerous subsequent investigations 
have confirmed and extended these observations so that the liver appears to be a 
definite factor in the regulation of the protein content of the plasma. In the 
experimental animal Mann and Magath (3) found that after total removal of 
the liver there were a decrease of the concentration of albumin in the plasma and 
a tendency for the reversal of the albumin-globulin ratio. Similar observations 
have also been reported by Canto (4) and by Franke, Tocz 3 r ski and Lankosz (5). 

Various other experimental conditions affecting the liver have been employed 
in studies of the plasma proteins. Kerr, Hurwitz and Whipple (6) found that 
the protein content of plasma of animals depleted by plasmapheresis was rapidly 
replaced by the formation of new plasma protein and that the globulin portion 
was replaced more rapidly than the albumin. Injury to the liver produced by 
the administration of chloroform or phosphorus resulted in marked dela.y of the 
regeneration of the plasma proteins lost by plasmapheresis. The extent of the 
delay of regeneration depended on the extent of the hepatic injury and in many 
experiments the time of the return of the plasma proteins to their normal level 
was coincident with the completion of repair of the injured hepatic tissue. The 
amount and character of the diet were also found to influence the curve of the 
regeneration of plasma protein. Jurgens and Gebhardt (7) found an increase 
of the globulin of the plasma of Eck fistula dogs within two to three weeks after 
operation. Feeding of meat decreased the amount of albumin and increased 
the globulin present, and carbohydrate diets tended to maintain a more normal 
ratio. Sawada (8) found a decrease of the concentration of albumin and a slight 
increase of that of globulin of animals that had experienced hepatic damage fol- 
lowing poisoning by phosphorus, chloroform or carbon tetrachloride as well as 
after inoculation with Schistosoma japonicum. In the hepatic damage following 
ligation of the common bile duct Bollman (9), Sawada (8) and Henriques and 
Klausen (10) found that the total protein of the plasma was decreased one to 
three months after operation. The albumin was markedly reduced and the 
globulin tended to be increased. 

Similar reductions of the concentration of the serum protein have been ob- 
served in certain types of renal disease and in various types of malnutrition. 
That the fundamental cause of the alteration of the serum protein is not ade- 
quately explained either by the loss of protein from the body or by its inadequate 
intake" has been discussed by Melnick and Cowgill (11). These authors inch- 
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cated that there is a failure of some mechanism of formation of plasma protein 
as veil as the excessive loss or diminished intake of protein. Ify diet alone 
Holman, Mahoney and Whipple (12) caused alterations of the plasma proteins 
similar to those associated with diseases of the liver. Madden, Winslow, How- 
land and Whipple (13) found that formation of plasma protein may be greatly 
depressed in the presence of bacterial infection and inflammation. Under the 
influence of local inflammatory processes such as are produced by the subcutane- 
ous injection of turpentine the regeneration of plasma proteins was only about a 
third as efficient as in the same animal with similar diets before and after produc- 
tion of the abscess. During this period the nitrogen balance was not altered to 
give indication of increased destruction of protein. Madden and Whipple (14) 
have published an excellent review of studies of the source, production and 
utilization of the plasma proteins. 

In our studies we have determined the changes that occur in the protein con- 
tent of the plasma after complete removal of the livers of dogs. The concentra- 
tion of proteins of the plasma was reduced by plasmapheresis after hepatectomy 
and the influx of protein from the tissues other than the liver was determined by 
the subsequent alteration of the plasma proteins. Similar observations wore 
made on normal dogs, and on dogs after procedures by which alterations of 
hepatic function were produced. 

Methods. The animals used in these experiments were maintained on a 
standard diet consisting of 38 per cent ground lean horse meat, 35 per cent 
cracker meal, 15 per cent cooked tomatoes, 8 per cent lard and 4 per cent bone 
ash. This was fed once daily in amounts equivalent to twice the calculated 
basal caloric requirement of each animal. Variation of the protein content of 
the diet was accomplished by changing the meat content of the foregoing diet. 
Plasmapheresis was accomplished by withdrawal of blood equivalent to a fifth 
to a third of the estimated blood volume with subsequent reinjection of the 
erythrocytes. The blood was taken into a fifth volume of 2.5 per cent solution 
of sodium citrate, of which only traces remained after centrifugation and with- 
drawal of the plasma. The erythrocjdes were washed once with saline solution 
and resuspended in saline solution prior to reinjection. When larger amounts 
of plasma were to be removed, additional bleeding and reinjections were repeated 
in the same manner. The total amount of serum protein removed was calculated 
from aliquot portions of each bleeding. 

Removal of the liver was accomplished by means of the three-stage method. 
Alter operation the animals recovered from the ether anesthesia and were in 
good condition when plasmapheresis was begun one hour after completion of the 
operation. In some experiments blood was withdrawn and reinjections were 
made by direct puncture of an artery or a vein and in some experiments cannula- 
tion of the femoral artery was employed, procaine hydrochloride being used as 
a local anesthetic agent in the region involved. The concentration of sugar in 
the blood was maintained within normal limits by the continuous intravenous 
injection of 10 per cent solution of glucose. 

The total protein, fibrinogen, euglobulin, pseudoglobulin and albumin of the 
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plasma were determined by Howe’s modification of KjeldaliPs method, in which 
the nitrogen of the fractions is determined after precipitation within zones of 
increasing concentrations of sodium sulfate. 

The determination of plasma volume, using the blue azo dye T 1824, has been 
made whenever possible, and the calculation has been made from this figure 
with the hematocrit value and the protein content of the plasma. Subsequent 
calculations assumed that the volume of circulating cells remained unchanged 
and the total blood volume was calculated on this basis. Other studies indicate 
that the volume of circulating cells as determined by the hematocrit varies with 
physiologic conditions. Because of increased cellular stasis after plasmapheresis, 
the calculated plasma volume is probably subject to considerable error and circu- 
latory changes at different times may vary the extent of this error. Such errors, 
however, do not seem sufficient to alter the general trend of the results reported. 

Results. Regeneration of plasma protein was studied after plasmapheresis 
of a third of the calculated blood volume under a number of different circum- 
stances. The observed animals included normal animals, animals immediately 
after splenectomy, after removal of a third to a half of the liver, animals after 
alteration of the blood supply to the liver (Eck’s fistula), and animals that had 
varying degrees of experimental hepatitis produced by repeated inhalation of 
carbon tetrachloride vapor. In most series, plasmapheresis was done after a 
preliminary feeding period of a week or more of three different diets. One diet 
consisted of lean meat, to another carbohydrate was added so the diet contained 
12 per cent of protein and the third diet contained but 1 per cent of protein. 

In all of the foregoing control experiments calculation of the data obtained 
after plasmapheresis indicated that some protein was added to the plasma during 
the first hour. Most of the addition was globulin in amounts up to approxi- 
mately 1 gm. for each kilogram of body weight, and measurable amounts of 
albumin were also added. The greatest amounts of protein were added in the 
dogs which had received diets containing 12 per cent of protein, somewhat less 
was added in dogs receiving only meat and only 0.2 or 0.3 gm. of protein was 
added in animals that had received diets containing 1 per cent of protein. The 
Eck fistula animals and those that had extreme hepatic damage from carbon 
tetrachloride added only 0.1 to 0.2 gm. of protein for each kilogram of body 
weight and previous diet did not definitely influence this amount. Six to nine 
hours after plasmapheresis fibrinogen had returned to its original level or more in 
all animals except those that had severely damaged livers and the Eck fistula 
animals. Small amounts of globulin were added in all animals. Very small 
additions of albumin were detectable in dogs which had received diets containing 
1 2 or 20 per cent protein except in the Eck fistula animals or those that had severe 
hepatic damage. 

The data from which the foregoing conclusions were drawn were obtained 
immediately after ether anesthesia from animals which received dextrose intra- 
venously during the period of experiment. The primary purpose of the experi- 
ments was to simulate the conditions which were employed in the animals after 
complet e removal of the liver. The changes of the amount of circulating proteins 
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were calculated from the amount of plasma protein removed and from the total 
volume of plasma as determined at various intervals in the different experiments 
by the dye method. The main uncertainty of the calculations is the possibility 
that the sample of venous blood taken for analysis did not represent a true 
sample of entire blood of the animal. Stasis of blood in the capillaries probably 
occurs frequently in the experimental animals. While our results were con- 
sistent, it should be pointed out that the changes found were small. More ex- 


TABLE 1 


Plasma proteins after total removal of the liver 


HOURS AFTER 
HEPATECTOMY 

hematocrit 

TOTAL 

PROTEIN 

PER CENT OF TOTAL PROTEIN PRESENT AS 

Albumin 

Pseudoglobulin 

Euglobulin 

Fibrinogen 


per ccnl cells 

grams per 

100 cc. 





0 

' 51.5 

7.54 

38.4 

45.2 

10.2 

6.24 

6 

48.8 

6.55 

3S.4 

49.2 

10.2 

2.29 

18 

49.2 

G.19 

35.2 

51.8 

11.5 

1.02 

0 

45.0 

G.47 

67.7 

16.1 

■I 

3.25 

6 

41.8 

5.84 

59.2 

25.8 

SBiSt 

1.37 

12 

4G.0 

5.48 

57.7 

27.6 

14.2 

0.55 

18 

42.7 

5.22 

56.4 

31.4 

12.1 

0.20 

0 

53.0 

7.11 

41.0 

46.5 


3.2 

6 

44.2 

' 5.34 

40.7 

53.1 


3.1 

14 

41.3 

4.56 

43.7 

53.2 


1.1 

0 

40.0 

7.34 

31.8 

49.8 

9.95 

8.59 

G 

31.8 

5.77 

33.8 

53.8 

7.45 

5.37 

12 

29.0 

5.32 

39.9 

51.1 


4.14 

18 

24.8 

5.00 

35.8 

57.2 

1.60 

5.40 

24 

19.6 

4.37 

35.0 

61.1 

0 

3.90 

1 

51.2 . 

7. 06 

61.5 

24.6 

12.2 

1.5 

7 

42.4 

5.05 

62.0 

31.3 

6. 8 

0 

13 

39.0 

4.75 

63.7 

29.1 

7.2 

0 

24 

34.8 

4.30 

63.8 

27.5 

8.8 

0 

27 

38.7 

4.19 

63.3 

25.6 

9.6 

1.6 

30 

28.0 

3.31 

6S.4 

24.8 

6.4 

0.9 


tensive plasmapheresis would be.desirable, but we were unable to accomplish it 
in the dog after complete removal of the liver. 

The effect of total removal of the liver. Because the greatest changes were found 
in the control animals receiving a diet containing 1 2 per cent of protein, all of the 
animals received this diet for at least seven days prior to total removal of the 
liver. The results of five typical experiments are given in table 1 . 

In all of these experiments some dilution of the proteins of the plasma occurred. 
In most cases the dilution of the proteins of the plasma was of the same order as 
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the dilution of the erythrocytes. This would suggest that the plasma protein 
was lost as whole blood, although the amount of blood in the peritoneal cavity 
at necropsy was not sufficient to account for this loss. Recalculation of the data 
so that the loss of plasma was proportionate to the loss of erythrocytes indicated 
that there was a loss (or dilution) of total plasma protein of 5 to 10 per cent. 
The loss of albumin was also 5 to 10 per cent while the loss of fibrinogen was 30 
to 100 per cent. The loss of euglobulin was from 3 to 100 per cent in different 
experiments. The values for pseudoglobulin were usually increased, either a 
slight increase or as much as 66 per cent more than the original value. All of 
these changes occurred within the first few hours after operation. Subsequent 
analyses of specimens obtained up to thirty hours after removal of the liver 
showed only minor variations, but no major changes of protein distribution. 
Determinations of blood volume also indicated no great change of blood volume 
during this period. 

The results of these experiments indicate that during the period of readjust- 
ment immediately following removal of the liver there may be an addition of 
pseudoglobulin to the blood. In no instance in these experiments did the 
addition amount to more than 0.5 gram for each kilogram of body weight of the 
animal. There is a somewhat irregular destruction or loss of fibrinogen and 
euglobulin but no appreciable change of the albumin of the plasma. In subse- 
quent periods up to thirty hours there is no indication of loss or addition of 
proteins of the plasma. 

Plasmapheresis after hepatedomy. In different experiments a third to a half 
of the total blood volume was withdrawn from the carotid artery of the dc- 
hepatized animal within a period of ten to twenty minutes. On completion of 
the bleeding an equivalent amount of washed erythrocytes from normal dogs 
was rapidly injected into the same artery. The erythrocytes were suspended in 
saline solution to the same volume as the blood withdrawn. Analyses were made 
on the first blood withdrawn. The animals were maintained by the continuous 
intravenous injection of 10 per cent solution of glucose in amounts sufficient to 
maintain normal values for blood sugar. * 

The results of two typical experiments of this series are given in table 2. In 
contrast to the hemodilution usually found in dogs maintained by continuous 
infusion of glucose after removal of the liver, hemoconcentration occurred fol- 
lowing plasmapheresis. It is apparent that little protein is added to the blood 
of the dchepatized animal after plasmapheresis and that the colloidal osmotic 
pressure of the plasma is maintained by hemoconcentration. Calculation of the 
data on the assumption that concentration of the plasma has occurred equal 
to the concentration of erythrocytes indicates that some increase of the protein 
content of the plasma occurred during the procedure of plasmapheresis. In 
these experiments from 0.5 to 0.7 gram of globulin for each 100 cc. of plasma ap- 
peared to have been added during the fifteen or twenty minute procedure. The 
albumin content of the plasma was found to be very close to that expected from 
the withdrawal of the amount of blood and the dilution of the remaining blood 
with the saline suspension of erythrocytes. During subsequent periods, up to 
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nine hours after plasmapheresis, only minor changes occurred in the protein 
content of the plasma. There was usually a slight loss of protein from the 
plasma, which was probably due to a small loss of whole blood and subsequent 
dilution of the circulating plasma. In no case did there appear to be an appreci- 
able destruction of albumin nor was there any replacement of this substance after 
total removal of the liver and plasmapheresis. In all experiments there was no 
loss of globulin and in a few there was a very slight increase of the globulin of the 
plasma several hours after plasmapheresis. 

Comment. Some of the difficulties in the investigation of the effect of removal 
of the liver on formation of plasma protein have been mentioned. The necessary 
anesthesia, surgical procedures, loss of blood and administration of dextrose have 
some effect on the circulating blood. The samples of blood withdrawn from the 
larger vessels represent a true sample of the mixed circulating blood but give 
small indication of the state of the blood in the capillaries, which may be more 

TABLE 2 


Plasmapheresis after total removal of the liver 


HOURS 

AFTER 

IlEPAT- 

ECTOMY 

HEMATOCRIT 

PLASMA 

PROTEIN 

ALBUMIN 

GLOBULIN 



P er cent 

grams per 
100 cc. 

grams per 
100 cc. 

grams per 
100 cc. 


1 


Kip 'V . 

5.40 

2.40 

Withdrew 40 cc. of blood for each 

H 



3.96 

2.04 

kilogram of body weight and injected 

101 


I 

4.50 

2.50 

an equivalent amount of erythrocytes 
in saline solution 

1 

51.2 


5.30 

1.60 

Withdrew 50 cc. of blood for each kilo- 

H 

58.0 


3.10 

1.40 

gram of body weight and injected an 

74 

83.2 


4.40 

2.20 

equivalent amount of erythrocytes 
in saline solution 


concentrated or more dilute than the sample taken for anah r sis. This fact makes 
the interpretation of sudden changes hazardous, especially at the time of plasma- 
pheresis. The calculation of the addition of protein to the plasma immediately 
associated with plasmapheresis is based on the increased proportion of globulin 
in the plasma beyond that which was withdrawn and at times an increase of 
globulin to more than the original level. 

The fact that the changes due to plasmapheresis are present for several hours 
suggests that the observations are not due to a temporary change of concentra- 
tion of the blood due to capillary stasis. The immediate influx of protein into 
the plasma during plasmapheresis may be due, however, at least in part, to the 
imposed alterations on the circulatory system as well as to the withdrawal of 
protein. Similar changes occur during the operation for complete removal of 
the liver. The only animals that did not add appreciable quantities of globulin 
to their plasma during plasmapheresis were Eck fistula animals, animals that had 
severely damaged livers and animals on diets deficient in protein. In all of these 
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the plasma albumin was definitely subnormal before plasmapheresis was done. 
Plasmapheresis after complete removal of the liver causes the addition of globulin 
to the plasma similar to that which occurs in normal animals. 

Many of the questions concerning the role of the liver in the production of 
plasma proteins remain unanswerable. Many of the changes that occur in the 
plasma proteins coincident with removal of the liver are obviously due to causes 
other than the absence of the liver, since there is no consistent loss or gain with 
the progression of time following the operation. It would appear that in the 
absence of the liver the loss of protein from the plasma is too small to be measured 
by our methods within periods up to thirty hours after the removal of the liver. 
Plasmapheresis experiments after complete removal of the liver failed to indicate 
any regeneration of plasma protein within periods which were adequate for the 
demonstration of some regeneration of plasma protein in normal control animals. 

SUMMARY 

During the period of circulatory readjustment immediately following com- 
plete removal of the liver some globulin appears to be added to the plasma. 
Somewhat similar amounts of globulin are added to the plasma of well fed control 
dogs during circulatory readjustments associated with plasmapheresis. The 
addition of globulin is diminished or absent in animals that have Eck fistulas or 
severely damaged livers when the protein content of the plasma was previously 
abnormal. The immediate changes of concentration of the plasma proteins 
after complete removal of the liver are a small loss, or dilution, of total protein 
with a similar change of the albumin content, a marked loss of fibrinogen and 
cu globulin and an increase of the pseudoglobulin of the plasma. In subsequent 
periods up to thirty hours after removal of the liver there is little evidence of loss 
or addition of protein to the plasma. In periods up to nine hours after plasma- 
pheresis in the liverless animal there is no evidence of regeneration of plasma 
proteins. 
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It has been reported recently (1) that the chick offers possibilities as a test 
animal for the assay of insulin. Contrary to the general impression, the blood 
glucose of the chick is lowered in response to light doses of insulin and the dura- 
tion of the hypoglycemia is shortened by increasing the dose. The percentage 
decrease of blood glucose 1^ hours after injection is found to be a straight line 
function of the logarithm of the dose up to about 1.5 units per kilogram. Al- 
though the individual variation in response is not excessive, attempts have 
been made to reduce this variation by prolonged fasting and dehydration. 
Some success has been achieved in this direction and, in addition, some facts 
concerning the effects of long fasting and dehydration on blood sugar and insulin 
sensitivity have been observed. 

Methods. Single comb White Leghorn cockerels were used throughout this 
investigation. They were received one day after hatching and placed in an 
electrically heated battery brooder and provided with Wayne Chick Starter 
mash and water at all times. The chicks were used between 30 and 40 days 
of age at which time the body weight varied between 200 and 400 grams. The 
average weight of each of the series was between 242 and 305 grams. Bipod 
glucose was determined by the Ilagedorn-Jensen method on 0.1 cc. of blood 
obtained from the wing vein (2). The dilution of the unmodified insulin 2 was 
made with acidified distilled water, pH 2.4, in such a way that the volume injected 
was always 0.5 cc. 

The experimental animals are divided into two categories: group A consists 
of four scries, each series being fasted 14, 24, 48 or 72 hours; group B contains 
three series, each series being deprived of both food and water for periods of 24, 
48 or 72 hours. 

Control blood sugars were taken in the afternoon following the fast, or fast 
plus dehydration, and the chicks immediately weighed and injected intramuscu- 
larly with 0.1875 unit of insulin. A second sample was drawn one and one-half 
hours after the injection. The same chick was never used more than once. 

The nature of the results demand some measure of statistical analysis. Since 
the number of chicks varies from series to series, the signi ficance of c omparisons 
between series was tested by the expression : Mi — M 2 / s/ <j 2 mi -f- af n „ = t- The 
comparisons of variance were made by a modification of Fisher’s Z test using 
the table of variance ratios (F) given by Snedecor (3). The values^ of F for 
the 5 per cent level of significance are given along with the data in table 2. 

A total of 207 chicks was used in this study. 

1 Contribution no. 319 from the Department of Zoology. 

2 The insulin (Iletin) was supplied by Eli Lilly Co., Indianapolis, Indiana. 
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A. Control blood glucose and insulin sensitivity. Results and dis- 
cussion. An inspection of table 1 shows that the blood sugars of both groups 
rose after prolonged fasting. In group A the control blood sugar increases 
significantly from 144 mgm. per cent after 14 hours’ fast to 154 mgm. per cent 
after 24 hours of fast. Another significant rise occurs in this group between 48 
and 72 hours of treatment. The 24 hour control value of 162 mgm. per cent 
found in group B, the fasted and dehydrated group, is significantly higher than 
the comparable control value of group A and the rise continues through the 48 
and 72 hour series. The difference between the 24 and 48 hour series control 
blood sugars of group B is highly significant, but the difference between the 48 
and 72 hour series falls short of significance. It is clear that the concentration 
of blood sugar increases both during fasting alone and with fasting plus dehy- 
dration. Dehydration would seem to have an augmentative effect and, at the 


TABLE 1 

The effects of fasting and dehydration on the blood glucose and insulin sensitivity of 30-40 

day old chicks 


t 

TREATMENT 

no. or 
cniCKS 

CONTROL 
BLOOD SUGAR 

11 HOURS AFTER 
0.1875 UNIT 
or INSULIN 

TER CENT CHANGE IN 
BLOOD SUGAR 

AVER- 

AGE 

WEIGHT 

Group A 


mm 




grams 

14 hour fast 

— 

144 ±2.1 

118 ±2.4 

-18.0 ±1.92 

256 

24 hour fast 

IS 

154 ±2.0 

128 ±3.9 

-16.9 ±1.78 

2S6 

48 hour fast 

30 

159 ±2.4 

125 ±3.0 

-21 hi ±1.75 

269 

72 hour fast 

11) 

175 ±3.3 

110 ±3.4 

-20.0 ±1.66 

305 


Group B 


24 hour fast plus dehydration. . . 

38 

162 ±1.8 

136 ±2. S 

-16.0 ±1.41 

242 

48 hour fast plus dehydration. . . 

29 

179 ±2.0 

139 ±2.1 

-22.3 ±1.31 

244 

72 hour fast plus dehydration. . . 

30 

1S4 ±1.9 

154 ±2.8 

-16.3 ±1.25 

248 


same time, cause a marked rise between 24 and 48 hours of treatment whereas, 
with fasting alone, this marked rise does not occur until after 4S hours of fasting. 

The blood sugar response to injected insulin parallels the rise in control blood 
sugar very closely with one exception. The 48 hour series of group B had an 
initial blood sugar value of 179 mgm. per cent which fell to 139 mgm. per cent 
after insulin while the 72 hour scries had only a slightly higher initial blood sugar 
but the drop in response to insulin was significantly less than that obtained in 
the 48 hour series. Upon comparing these two series it would appear that an 
insulin resistance had developed. 

It is customary in mammalian work to express insulin sensitivity in terms of 
percentage change in blood sugar. The results of this investigation are also 
expressed in this fashion (see table 1), but since the duration of effect decreases 
with an increasing dose in the chick, no account can be taken of the time factor 
and the blood sugar level at U hours after injection is used arbitrarily as the 
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measure of insulin sensitivity. These figures arc very interesting. Apparent 
marked increases in sensitivity occur in the 48 hour series of each group and the 
72 hour scries of group A would appear to be more sensitive than the 72 hour 
series of group B. The greatest increase in response is in group B where the 
sensitivity changes from —16.0 per cent at 24 hours to —22.3 per cent at 48 
hours. A similar rise is noted in the comparable scries of group A. Both of 
these differences are significant. Again, comparing the 72 hour series of groups 
A and B, the 72 hour series of group A responds with a decrease of 20.0 per cent 
while the decrease of the 72 hour scries of group B is only 16.3 per cent. This 
difference in sensitivity is probably significant, if account is taken of the con- 
siderable difference in body weights of the two groups (19 per cent). Unpub- 
lished data show that heavier chicks arc slightly less sensitive to insulin than 
the lighter birds (4). 

However, it cannot be stated with certainty that the fasted and dehydrated 
chicks are less sensitive after 72 hours of treatment than those which were only 
fasted. If the 14 hour series is taken as a reference point, then good propor- 
tionality exists between the control blood sugar level and the level after insulin 
injection of all series in both groups A and B. The greatest deviation from the 
expected value occurs in the 48 hour series of each group. In group A the 
expected value was 130 mgm. per cent, but a value of 125 mgm. per cent was 
observed; in group B 146 mgm. per cent was expected and 139 mgm. per cent 
found. However, these differences arc slight and probably not significant, but 
it is interesting that they occur at a time when the control blood sugar is rising 
rapidly or on the verge of doing so. The blood sugar levels after insulin may be 
calculated in the same way for the 72 hour series of groups A and B. They arc 
143 and 150 mgm. per cent respectively. Using these figures in calculating the 
percentage change gives values of approximately — IS per cent for each series. 
Therefore, no significant difference would exist. The same is true in the other 
cases of apparent increased or decreased sensitivity. 

An increase of blood glucose after 48 to 96 hours of fasting has been observed 
both in fowl and mammals (5, 6, 7). Selye reported (7) that, rats are resistant 
to toxic doses of insulin after 48 hours’ fast and also found a fasting hyper- 
glycemia. These results arc ascribed to an increased secretion by the adrenal 
cortex which would raise the blood sugar level and confer a non-specific resistance 
upon the animals, the “alarm reaction.” Perhaps it would not be wise to press 
the comparison of chicks and rats too far, but some observations can be made. 
From the results presented here, it cannot be said that chicks exhibit an insulin 
resistance after fasting and in this respect they would seem to differ from the rat. 
The blood sugar of the fasting chick rises after 14 hours of fast and continues 
to do so for the duration of the experiment (72 hrs.). Again this is contrary to 
the finding on the rat under similar conditions where the blood sugar continues 
to decline until after 48 hours of fasting. If the prompt rise observed in the 
chick is to be explained entirely as a result of an “alarm reaction,” then we must 
say that the development of this reaction occurs with considerable speed and 
that the extent of the reaction is increased considerably by dehydration. 
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An increase of blood sugar during fasting raises the question of the effect of 
fasting and/or dehydration on the utilization of carbohydrate. Evidence from 
mammalian sources (8) indicates that intact fasting animals do not readily utilize 
carbohydrate. There is also good evidence that the oxidation of carbohydrate 
is not impaired by fasting alone and the difficulty in disposing of administered 
glucose is due to the continued glucose formation from protein by the liver (9). 
Further, Golden and Long (10) have reported that the adrenal cortical extracts 
will raise the blood sugar and liver glycogen of the chicks as in the mammals. 
Considering these facts, a mechanism can be visualized whereby the chick can 
resist the hypoglycemic effects of prolonged fasting and insulin and may succeed 
in overcoming them to some extent. One might deduce that either the produc- 
tion rate of carbohydrate increases or the utilization rate decreases progressively 
after about the 14th hour of fasting. In either case, a rise in blood sugar occurs.' 
The effect of this mechanism is such that sufficient carbohydrate is available 
to replace that which disappears after insulin injection and to prevent an in- 
creased sensitivity after prolonged fasting. 

B. Comparison of variability of response. Results and discussion. The 
comparison of variance between experimental groups has two purposes: first, 
for the purpose of biological assay, it is desii'able to use the least variable mate- 
rial providing that it is sufficiently sensitive, and second, the changes in variance 
under different treatment undoubtedly have a physiological significance and a 
knowledge of such changes may give a clue to the mechanism involved. Table 2 
shows the comparisons made between the mean square deviations of groups A 
and B and between scries within the same group. The variance in control blood 
sugar levels and levels after insulin injection must be considered, because the 
variance of the calculated percentage change in blood sugar presumably is a 
combination of these variances. 

No significant variation is observed in the control blood sugar values of the 
three series of the fasted group, but there is a tendency toward greater variability 
with increasing length of fast. The chicks of group B, fasted and dehydrated, 
have perhaps a little less variation initially than those of group A and the varia- 
tion tends to decrease with length of treatment. The divergence of the two 
groups is such that the difference in variance after 72 hours of treatment is of 
doubtful significance. 

The behavior of the variance of the blood sugar values after insulin injection 
is rather peculiar. In Group A the variation within a series is least after 14 
hours of fast, s 2 = 171, and the greatest after 24 hours when s 2 = 470. There- 
after the variance becomes progressively less. The ratio between the 14 and 
24 hour series is highly significant. This is not true of group B where the least 
variance occurs .after 48 hours without food or water. The variance of the 48 
hour series as compared to the 24 hour series is significantly less (2.20) and that 
of the 72 hour scries falls just short of being significantly greater than that of 
the 48 hour series. Upon comparing the two groups, A and B, it is apparent 
that only the 48 hour series are divergent enough to give a significant result. 

The only point at which the variance of the calculated percentage change in 
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blood sugar is significant, is at 48 hours. It is interesting to note that, in these 
data, the figures on the significance of the variance follows the value of the F 
ratio for the blood sugar values after insulin and not the F ratio of the control 
blood sugar comparisons. 


TABLE 2 


Comparisons of variability in blood glucose of fasted and fasted and dehydrated chicks before 

and after insulin 


COMPARISONS BETWEEN 

no. or 

CHICKS 

CONTROL BLOOD 
GLUCOSE 

BLOOD GLUCOSE 
AFTER INSULIN 

PERCENTAGE 

CHANGE 

VALUE or 
F FOR 5% 
SIGNIFI- 
CANCE 

Variance 

(s') 

F ratio 

Variance 

(s') 

F ratio 

Variance 

(5=) 

F ratio 

24. lir. series 









Group A 

31 

144 

1.12 

470 

1.59 

100 

1.2S 

1.76 

Group B 

3S ! 

235 


295 


7S 



4S hr. scries 









Group A 

30 

1G9 

1.35 

265 

1.9S 

91 

1.87 

1.S5 

Group B 

29 

125 


134 


49 | 



72 hr. scries 









Group A 

19 

214 

1.93 

223 

1.06 

52 

1.16 

2.07 

Group B 

30 

111 


237 


60 



Group A 









14 hr. series 

30 

130 

1.11 

171 

2.74 

116 

1.16 

1.S4 

24 hr. series ^ 

31 

144 


470 


100 



Group A 









24 hr. scries 

31 

144 

1 .48 

470 

2.11 

100 

1.93 

2.07 

72 hr. series 

19 

214 


223 


52 



Group B 


- 







24 hr. series 

38 



295 

2.20 

7S 

1.59 

1.S0 

4S hr. series 

29 


; 

134 


49 



Group B 









48 hr. series 

29 

j 


134 

1.77 



1.S5 

72 hr. scries 

30 



237 






Variance (s 2 ) = 

n — 1 


The reason for the fluctuations of the variance under different treatment is 
not clear, but the trends indicate that the homeostatic mechanism is certainly 
disrupted in some cases and aided in others. There is reason to believe (1) 
that the stored carbohydrate in the liver is somewhat higher after 72 hours of 
fast than after 14 or 24 hours of such treatment. This may account for the 
increasing variability of the fasted group. Such an explanation, of course, must 
presume that carbohydrate is being manufactured from some endogenous source. 
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However, the blood sugar of the fasted and dehydrated group is higher than that 
of the fasted only group, yet the variability is markedly less. Unfortunately, 
no figures on stored carbohydrates for this group are available. 

While no direct evidence can be offered at this time, it is suggested that these 
changes in variance represent changes in the fuel and operating economy of the 
chick. Once the stored carbohydrate levels have reached a minimum, protein, 
or fat, or both must be converted to carbohydrate in order to maintain the 
essential reactions involving this substance. Undoubtedly the differences in 
variance between the fasted and the fasted and dehydrated chicks have a physio- 
logical significance which remains for further elucidation. 

SUMMARY AND CONCLUSIONS 

1. Thirty to 40-day old chicks were subjected to fasting, or fasting plus 
dehydration, for periods of 14 to 72 hours and their sensitivity to 0.1875 unit 
of insulin was tested. 

2. The control blood sugar rose after the 14th hour and continued to rise 
through 72 hours of fasting. Dehydration augments this rise. The blood sugar 
values of the fasted and dehydrated chicks rose more promptly and to higher 
levels than those of chicks which were only fasted. 

3. No significant increase or decrease in sensitivity to insulin was observed 
in either group, although the 72 hour fasted and dehydrated group tended to 
be less sensitive than the 72 hour fasted group. It is concluded that neither 
fasting alone nor fasting plus dehydration affects the insulin sensitivity of the 
chick. 

4. Fasting plus dehydration results in a marked decrease in the variability of 
blood sugar values. Fasting alone tends to increase the variability of control 
figures. The variance in blood sugar values 14 hours after insulin injection is 
least in the chicks fasted and dehydrated for 48 hours. 

5. The precision of the results after 14 hours of fast seems sufficient for routine 
insulin assay by the chick method. 
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For a number of years it lias been observed in this laboratory (1) that when a 
small amount of blood was introduced into distilled water, as in the first step 
of the volumetric method for the determination of lactic acid employed here 
(2), the resulting mixture showed various degrees of opacity. The opacity was 
greater when blood was drawn from subjects who had been running on a tread- 
mill, and there seemed to be a rough relation between the degree of opacity and 
the seventy of the exercise and the amount of lactic acid in the blood. Micro- 
scopic examination of the sediment after centrifugation revealed numerous red 
blood cells and shells of partially laked red blood cells. The unhemolyzed red 
blood cells which could be counted numbered between 500 and 1,000 per cu. 
mm. of the original blood. The introduction of plasma alone into distilled water 
did not produce opacity to a significant degree. 

An empirical method of estimating the degrees of opacity was developed in 
order to stud} 1- the phenomenon further and to compare the findings with the 
amount of muscular exercise and with lactic acid determination of the blood. 

Method. Distilled water is brought to pH 6.8 bj r the addition of M/15 
Na 2 HOP 4 . (In this laboratory, the distilled water requires about 1 to 1.5 cc. 
of M/15 Na 2 HP0 4 per liter.) Brom-thymol-bluo is used as an indicator (light 
blue color) employing Sorenson’s Na 2 HP0 4 and KH 2 P0 4 buffers for control. 
The adjustment of pH is facilitated by employing the photo-electric colorimeter, 
filter no. 540.) 

It is convenient to use capillary blood (collected by finger puncture) although 
venous and arterial blood give similar results; 0.2 cc. of blood is added to 10 
cc. of the buffered distilled water in a colorimeter tube. Care should be taken 
not to bubble ah- into the solution while making the transfer. The contents 
are mixed gently. A drop of caprylic alcohol may be added if necessary. The 
mixture is allowed to stand 10 minutes before reading. It is probably inad- 
visable to allow the mixture to stand more than one hour. 

The Evelyn photoelectric colorimeter with filter no. 660 has been used. With 
a tube containing 10 cc. of water the galvanometer thread is set at 100. The 
reading without the tube of water in place is noted. The blood mixture tube 
is inserted and a reading is made (Gi). One drop of NH4OH is added, which 
deal’s the mixture. The tube is agitated gently, and a second reading is made 
immediately (G 2 ). The density values (L — 2 — log G) for the corresponding 
galvanometer readings are obtained. The difference between Lj and L 2 repre- 
sents the “opacity” of the blood mixture. For example: 
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Gi ; 

1 

Li 

g 2 

1 

u 


1. Subject at rest 

S4 

0.0757 

no, i 

0 0440 

0 031 

2. Same subject after run (2 minutes, 

7 m. per hr., grade S.6 per cent).... 

S0 1 

0.0955 


0.0482 

0.047 


The increase of opacity of the blood-water mixture after exercise is associated 
with reduced pH values of the plasma. Wien blood is equilibrated in a tonom- 
eter with different concentrations of C0 2 the opacity increases with the con- 
centration of COo. The same is true when small amounts of lactic acid and of 
HCIj are added to the blood. Alkalinization of the blood results in reduced 
degrees of opacity. When C0 2 or the breath is blown into the water before the 
blood is added to it, or when the pH of the water is reduced, for example, by 
addition of small amounts of KH 2 P0 4 or of acetic acid, the opacity of the blood- 
water mixture is increased to a degree roughly parallel to the acidity of the water. 

It must be emphasized that the resistance of a small percentage of the red 
blood cells to laking by water is not necessarily related to the total span of 
resistance of the majority of red blood cells to hypotonic salt solutions. Indeed, 
in vitro experiments show that rendering the blood more acid reduces the re- 
sistance of the majority of red blood cells to hypotonic salt solutions. This 
has been shown previously by Ham (3). It is less clear what happens to the 
bulk of the red blood cells in this respect in man after exercise. Hastings found 
that in dogs after exercise the resistance of the red blood cells was increased (4). 

Chemical changes of the blood during strenuous exercise influence in some 
manner the resistance of the red blood cells to laking. Thus, a rough paral- 
lelism has been shown to exist between the opacity of the blood-water mixture 
and both the blood lactic acid and the degree of exhaustion after a run. This 
is illustrated in tables 1 and 2. When the speed of the treadmill was increased 
the opacity values increased in every case. When the blood lactic acid was 
about 50 mgm. per 100 cc. the opacity range was approximately from 0.024 
to 0.035. When the lactic acid was about 100 mgm., the opacity range was 
approximately 0.028 to 0.045. When the lactic acid was about 140 mgm. the 
opacity range was approximately from 0.045 to 0.072. There was an inverse 
relation between the physical fitness index and both the lactic acid and the opac- 
ity reading. In the untrained men, the opacity increased with the duration 
of the run and was greater in younger individuals. 

Other changes of the blood in addition to the lactic acid undoubtedly influence 
the resistance of the red blood cells. In the untrained men the opacity on the 
whole was less for given values of lactic acid than in the trained men. In 
another series of eight individuals exercising on the treadmill there was close 
relation between the maximum pulse during exercise (taken with a cardiotachom- 
eier) and the opacity of the blood taken 5 minutes after exercise, whereas the 
lactic acid values did not show a relation to maximum pulse in this group 
of subjects. In the larger series reported here, both opacity and lactic acid 
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A 1 

* were roughly related to the pulse rate one minute of lev exercise, the lactic acid- 
pulse relation being the closer. 


TABLE 1 

Blood “ opacity ” readings and other data in college cross country runners ( ages 17-21)- 
Blood samples were taken 5 minutes after a run on a motor-driven treadmill. Cases 
are arranged in the first part of the table according to the degree of “opacity.” In the 
second part of the table are shown the results obtained on the same subjects after 
a faster run. 



TREADMILL SPEED: 7 

M.P.Tt., GRADE 8.6% 

TREADMILL SPEED: 8.6 M.P.H., GRADE 8.6% 

CASK NO. 

Duration 
of run 

Physical 

fitness 

index* 

Lactic 

acid 

"Opacity” 
(Li - Lj) 

Duration 
of run 

Physical 

fitness 

index* 

Lactic 

acid 

“Opacity” 
(Li - Lj) 

■ 

| seconds 


in grn. /100 
cc. 


seconds 


mgm./JOO 
cc . 


1 

300 

99 

4S 

0.024 

300 

106 

113 

0.043 

2 

300 

106 

26 

0.026 

300 

112 

108 

0.044 

3 

300 

91 

28 

0.028 

300 

97 

96 

0.040 

4 

300 

98 

50 

0.028 

300 

103 

116 

0.043 

5 

300 

SO 

48 

0.030 

.300 

116 

89 

0.043 

6 

300 

96 

4S 

0.030 





7 

300 

78 

79 

0.030 

192 

64 


0.064 

8 

300 

SG 

SO 

0.031 

300 

107 

119 

0.049 

9 

300 

S5 

49 

0.034 

300 

97 

169 

0.075 

10 , 

300 j 

92 

50 

0.034 

300 

98 

119 

0.050 

11 

300 

95 

52 

0.034 





12 

300 

85 

85 

0.037 

167 

58 

121 

0.065 

13 

300 i 

88 

60 

0.037 





14 

300 

83 

65 

0.038 

215 

76 

113 

0.049 

15 

300 

75 | 

99 

0.042 

195 

57 

ISO 

0.079 

16 

300 

79 

107 

0.042 





17' 

300 

82 

92 

0.043 

217 

68 

118 

0.055 

18 

300 

81 

124 

0.048 





19 





274 

88 

126 

0.062 

20 





300 

101 

146 

0.065 

21 





265 

73 

157 

0.065 

22 





300 

98 

145 

0.073 

Average. . . 

300 

87.7 

64.4 

0.0342 

266 

89.3 

127.1 

0.0567 


* The physical fitness index is obtained by dividing the duration of the run in seconds 
(X 100) by twice the sum of pulses 1-1§, 2-2| and 4-4 £ minutes after the run (5). In the 
second part of the table, physical fitness index was multiplied by 1.2G in order to make the 
index comparable to that obtained when the speed of the treadmill was 7 miles per hour. 

The test, for opacity as described has proved in this laboratory to be a simple 
and brief method for judging the degree of exhaustion and in a manner the 
determination and grit of young men placed in conditions requiring severe exer- 
tion. It will assist in judging the physical fitness of men. Further study of 
the factors of the blood in exercise, responsible for the changes in resistance 
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of red blood cells, should add to knowledge of the physico -chemical equilibria 
of the body. 


TABLE 2 

Blood “ opacity ” readings and other data in miscellaneous group of men, out of condition 

( ages 25-57) 


' Blood samples were taken 5 minutes after a run on a motor-driven treadmill (7 m. per. 
hr., grade S.6%). Cases are arranged according to degree of "opacity.” 


CASE NO. 

AGES 

DURATION OP RUN 

PHYSICAL FITNESS 
INDEX* 

LACTIC ACID 

‘‘opacity” 

{U - t,) 



seconds 


mgm./lOO cc. 


23 

57 

62 

18 

83 

0.026 

24 

40 

82 

26 

95 

0.028 

25 

40 

92 

25 

106 

0.029 

26 

' 38 

85 

23 

88 

0.033 

27 

30 

75 

18 

100 

0.033 

28 

37 

67 

17 

105 

0.033 

29 

35 

89 

25 

111 

0.033 

30 

45 

85 

23 

112 

0.033 

31 

32 

63 

18 

62 

0.035 

32 

48 

77 

24 

103 

0.036 

33 

31 

67 

16 

113 

0.038 

34 

31 

73 

18 

103 

0.039 

35 

33 

76 

18 

117 

0.041 

36 

26 

94 

24 

131 

0.041 

37 

35 

53 

13 

93 

0.042 

38 

42 

68 

18 

87 

0.043 

39 

32 

77 

17 

128 

0.043 

40 

30 

122 

28 

1 129 

0.043 

41 

43 

70 

17 

| 117 

0.044 

42 

34 

22 

5 


0.045 

43 

34 

145 

39 

133 

0.047 

44 

42 

135 

30 

137 

0.047 

45 

38 

87 

IS 

138 

0.047 

46 

31 

155 

42 

108 

0.049 

47 

25 

185 

47 

157 

0.053 

48 

26 

100 

24 

133 

0.056 

49 

28 

163 

40 

135 

0.056 

Average 

35 

91.4 

23.4 

112.4 

0.0404 


* See footnote to table 1. 


SUMMARY 

A small percentage of circulating red blood cells is resistant to laking by 
water. The opacity which results when a small amount of blood is added to 
a large amount of water can be measured by a simple method employing the 
photoelectric colorimeter. This opacity increases after exercise, is dependent 
on the severity of the exercise, and is roughly proportional to the lactic acid 
of the blood. The opacity increases when blood is exposed in vitro to various 
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acids. Undoubtedly factors in addition to the lactic acid concentration which 
change in vivo with exercise, influence the resistance of the red blood cells. 

The author expresses his appreciation for the advice and assistance given 
by J. W. Thompson, R. E. Johnson, L. Brouha and F. Consolazio. 
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In recent experiments on gastric secretion and motility in burns (1) it was 
observed that the blood pressure frequently rose during the burn and often re- 
mained for some time at or above the control level. This was contrary to our 
experience with the changes in blood pressure following traumatization (2). 
A review of the literature revealed that, although many others had reported 
similar observations, no extensive analysis of this phenomenon has been made. 
A preliminary report on the causes of the elevation of blood pressure following 
burns has been presented previously (3), and this paper is the complete report 
and an extension of the work. 

Simultaneously 7 with our report (3), Rabat and Iledin attributed the rise in 
blood pressure during burns to a nervous factor (4, 5). They found that, fol- 
lowing thermal trauma to normal anesthetized cats, an immediate and sustained 
rise in blood pressure occurred, while in similar experiments with spinal cats a 
temporary fall in blood pressure was followed by a lesser rise. Similar observa- 
tions had been made by others. In 1901, in a monograph on his extensive work, 
Crile (6) described the effect on blood pressure of a nervous factor in burns. He 
prevented the rise of blood pressure following burns of the hindlegs of cats by 
injecting cocain into the subarachnoid space of the lumbar spinal cord or by 
blocking the afferent nerves. In 1931 a rise in blood pressure following burns 
in dogs was reported by Johnson and Blalock (7) who stated: “During the time 
that heat was being applied, the blood pressure usually fell slightly. This was 
not always the case as in some instances it definitely rose.” Harkins (8), in 
1935, reported that in two of three burn experiments in dogs a rise in blood pres- 
sure occurred, and in his monograph (9) he cited similar results from a number 
of authors. In a detailed study of burns, Lambret and Driessens (11) in 1937 
performed experiments on spinal cats similar to those of Rabat and Hedin (4, 5). 
They believe that the rise in blood pressure during the burn was due to a sudden 
discharge of epinephrin. This view is supported by the earlier findings of Hart- 
man et al. (12) in 1926, that the concentration of epineplirin in the blood of cats 
is increased following burns. The rise in blood pressure after burns was also 
reported in humans by Wilson (10) in 1938. He states: “Forty cases — were 
admitted within 2 hours after injury; in 35, and amongst these were some of the 
most extensive and severe injuries, the systolic level of blood-pressure was normal 
or, in a few, actually above normal.” 

Our preliminary work (3) convinced us that the pressor effect of burns was 

1 Tliis work was done under the auspices of the Committee on Research in Shock, of the 

Michael Reese Hospital, and was supported by the Michael Reese Research Foundation 

and by the GustaM. Rothschild Fund. 
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not due to any single factor. We, therefore, have performed 125 experiments 
on dogs and cats in an attempt to analyze this phenomenon further. 

Experimental procedure. Normal, healthy, fasting dogs and cats were 
used. All animals were kept under deep anesthesia with sodium pentobarbital 
(nembutal), diallylbarbituric acid (dial), sodium isoamylethybarbiturate (sodium 
amytal), sodium barbital and morphine or ether. Only acute experiments were 
performed, at the termination of which an excess of anesthetic was administered. 
Blood pressure was recorded from the carotid artery with a mercury manometer. 
Third degree burns were administered with boiling water or with a torch. The 
duration and extent of the burns varied in different experiments. Circulating 
time was determined by the sodium cyanide method as described previously 
(13). Hematocrit values were obtained with Wintrobe tubes centrifuged at 
2000 r.p.m. for 30 minutes. Arterial plasma C0 2 was determined by the mano- 
• metric method of Van Slyke and Neill and plasma proteins by the falling drop 
method (14). 


TABLE 1 


Effect of bxirns on blood pressure 


GROUP NO- 

SPECIES 

TOTAL NO. 

PROCEDURE 

AVERAGE 
BLOOD PRESS. 
CHANGE dt 

1 

Dog 

26 

Scalds or burns 

mm. II c 

+50 

2 

Dog 

2 

Burns, const, inj. A.C.* 

+75 

3 

Dog 

4 

Hypophysis exposed, burn 

+50 

4 

Dog 

3 

Hypophysectomy, burn 

-45 

5 

Cat 

15 

Foot scalded 

+60 

6 

Cat 

7 

Denervatcd foot scalded 

! -20 


* Acetylcholine iodide, constant intravenous injection. 


Results. In table 1 six groups of experiments are summarized. Following 
extensive torch burns or scalding, twenty -six dogs (group 1 ) showed an average 
rise in blood pressure of 50 mm. Hg. Figure 1 represents one typical experiment ; 
the columns of data demonstrate blood changes. The data in the left column 
are controls, in the middle column, one hour after the first scald, and in the right 
column, one hour after a second scald. The immediate result of the first (severe) 
scald was a sharp rise of the blood pressure which remained elevated for 15 
minutes. One hour after the burn, the blood pressure was at approximately 
the control level. The effect of the second scald on blood pressure was slight. 
One hour later the blood pressure still had remained at a normal level, but the 
animal was in shock, as indicated by the other determinations. Considerable 
hemoconcentration, acidosis and slow circulation were present, and the animal 
died shortly. Six similar experiments with blood studies were performed; the 
average changes one hour after a single scald were as follows: a slight rise in 
blood pressure, a 10 second increase in the circulating time, a hemoconcentration 
of 24 per cent, and a 13 volume per cent in arterial plasma C0 2 . 
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The above studies were continued on the cat which seemed to give a greater 
pressor response to burns than the dog (group 5, table 1 ). After some experimen- 
tation as to extent, type and degree of burn necessary to give fairly constant 
results, we found that immersing one foot up to the ankle in boiling water for 30 
seconds gave the most consistent results. The effect was an immediate sharp rise 
of blood pressure, which was maintained in manj- experiments for a considerable 
period of time. As shown in table 1, group 5, the average rise of blood pressure 
in 16 cats was 60 mm. Hg. In a typical experiment, represented in figure 2, 
the blood pressure was still elevated 35 mm. Hg above the control level fifty 
minutes after scalding. At that time, the hematocrit value had increased from 
36 to 47 per cent indicating a peripheral red cell concentration of 31 per cent 
above the control level. One and one-half hours after the burn, the blood 
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Fig. 1 Fig. 2 

Fig. 1. Normal clog, male, IS kgm. Nembutal. Blood pressure tracing during and 
after a severe scald. Time in minutes. C.T. = circulating time; HB. = hemoglobin; 
HT. = hematocrit; CO; = arterial plasma C0 2 ; PR. = plasma proteins; N.P.N. = non 
protein nitrogen. 

F(g. 2. Normal cat, female, 3 kgm. Nembutal. Blood pressure tracing during and after 
scalding. 


pressure had returned to the control level. However, seven minutes after an 
additional scald this animal died, although the blood pressure was well main- 
tained until a few minutes before death. 

In order to explore the possibility of a nervous factor in burn shock, experi- 
ments were performed on cats in which one leg was denervated by section of the 
sciatic and femoral nerves. The central end of the cut sciatic nerve was stimu- 
lated with faradic current to simulate an increase in the number of afferent im- 
pulses from a burned area. Figure 3 represents a typical experiment. When 
the nerve was stimulated with alternating induced current (first arrow, fig. 3) 
there occurred a sharp rise in the blood pressure similar to that observed after 
a burn. With the cessation of the stimulation (second arrow) the blood pressure 
immediately dropped to slightly below the control level. This response differed 
somewhat from the usual response to a first burn, but after a burn pain impulses 
may continue to arise for some time. After the blood pressure had returned to 
the control level, the denervated foot was scalded for 30 seconds, and the blood 
pressure did not rise during the burn but dropped slightly. 
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After a short interval, the intact foot was scalded. The blood pressure rise 
was marked but only of short duration. This transitory rise in blood pressure 
occurred in many experiments; that is, a second burn rarely would have as strik- 
ing a result as the first one. The pressor phenomenon was more constant and 
was usually greater and of longer duration with the first, burn. The depression 
of blood pressure, following the scalding of a denervated limb, was confirmed in 
seven experiments, in which the average drop of blood pressure was 20 mm. Hg. 
These experiments are listed in group G of table 1 . 

The abolition of the typical pressor response by deafferentation of the limb 
before scalding suggested a reflex mechanism, possibly through the splanchnic 
nerves. Therefore, a series of experiments was performed on acutely adrenalec- 
tomized cats and on splanchnectomized dogs. Only such animals were used, 
which had a more or less normal blood pressure following the operation. The 
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Fig. 3. Cat, female, 4 kgm., denervated leg. Nembutal. Blood pressure tracing; 
frcmoral and sciatic nerves sectioned on one side. 

Fig. 4. Dog, male, 16 kgm., hypopliyscctomized. Nembutal. Blood pressure tracing. 


blood pressure rose immediately when the animals were burned, but in the 
adrenalectomy experiments the initial rise was less and the duration of the rise 
was shorter than in the controls. 

The role of the spleen as a significant factor in the vasopressor effect of burns 
was investigated on acutely splenectomized dogs. The vasopressor response 
to a scald was not abolished by splenectomy. 

The experiments on adrenalectomized and splanchnectomized animals had 
shown that the adrenal medulla and the splanchnic nerves played only a minor 
role if any in the reflex rise of blood pressure following burns. Therefore other 
mechanisms had to be considered. Lim and associates (15) and Necheles and 
Neu welt (16) have shown that pituitary pressor hormone can be liberated re- 
flexly by stimulation of afferent nerves. Therefore the next series of experiments 
were performed on dogs, hyphophysectomized by the temporal approach. One 
hour after the operation, the blood pressure of the animals usually had returned 
to near control levels and the first scald was administered; in all three experi- 
ments performed, blood pressure dropped immediately. The average drop in 
blood pressure was 45 mm. Hg (table 1, group 4). This drop was similar to that 
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seen following mechanical traumatization (17). Four control experiments (table 
1, group 3) were done in which the hypophysis was exposed, but not removed. 
Blood pressures in these sham experiments were at or near control levels at the 
time of the burn, and the pressor response to a burn was similar to that of the 
normal animal (table 1, group 1). 

The experiments with exclusion of the hypophysis seemed to prove that the 
reflex rise of blood pressure following a burn was of a neuro-humoral nature. 
However, the absence of the secretion of a pressor hormone of this gland might 
have changed capillary tone in such a way that we were working with a different 
biological test object. In order to avoid this objection, we attempted to detect 
an increase of pituitary pressor hormone following burns in dogs with intact 
hypophyses. 

In 1938 Necheles and Neuwelt (16) described a sensitive biologic test for 
pitressin. They found that small doses of pitressin or of pituitrin injected in- 
travenously, inhibited the vasodepressor effects of small doses of acetylcholine 
and that stimulation of the central end of the vagus nerve was followed by inhi- 
bition of the vasodepressor effect of acetylcholine only in the presence of the 
hypophysis. Thus, if pituitrin was liberated during a burn, small doses of 
acetylcholine should have no effect on the blood pressure. In the four experi- 
ments performed, normal vasodepressor responses to acetylcholine were seen 
before, but none occurred after a severe burn. In 2 dogs, in which reflex libera- 
tion of pituitary pressor hormone had been precluded by hypophysectomy, 
no change in the acethylcholine response after a severe burn was observed. In 
both animals a drop of blood pressure followed the burn. 

Following burns in normal dogs the acetylcholine response disappeared and, 
in severely burned animals, did not return to the control level. In three experi- 
ments a normal response to acetylcholine was present after a mild burn although 
a rise in blood pressure had occurred. 

Since the above experiments pointed to the hypophysis as one important cause 
of the rise of blood pressure following burns, the next logical step in our experi- 
ments seemed to be the transfusion of blood from burned animals into assay 
animals and the testing of the latter for the presence of pituitary pressor hormone 
with injections of acetylcholine, as described above. 

The transfusion of large amounts of blood from burned into normal assay 
animals suppressed the vasodepressor effects of acetylcholine. Figure 5 repre- 
sents one typical experiment. Control injections of graded small amounts of 
acetylcholine produced typical, sharp, transient depressions of blood pressure. 
After this response had been found to be constant, 250 cc. of fresh heparinized 
blood from a burned dog was injected intravenously. The acetylcholine response 
diminished gradually and, \\ hours after the injection, it was completely absent. 
This rather slow disappearance of the depressor effects of acetylcholine was 
entirely different from the effect of pituitrin or pitressin on the typical acetyl- 
choline response (16). In the latter case, inhibition of the acetylcholine response 
was present shortly after the injection of pituitrin, and it gradually returned to 

the control response. , 

The above experiments made us feel that although the pituitary pressor noi- 
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mone might play a role in producing a rise of blood pressure following burns, it 
could not explain the entire phenomenon. The next question which presented 
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Fig. 5. Normal assay dog. Nembutal. Response to A.C. following the injection of 
blood from a burned dog. At the left side of the record, graded small amounts of acetyl- 
choline iodide produced typical effects. The right part of the record, taken 90 minutes after 
injection of blood from a burned dog, shows that the effects of acetylcholine were absent. 

Fig. 6. Eserinized cat, 3 kgm. Dial. Response of blood pressure to injection of blood 
from a burned dog. 


TABLE 2 » 


Injection of blood from burned animals 


EXPT. NO. 

BURNED-ANIMAL 

ASSAY ANIMAL 

DRUGS 

Species 

Blood press, effect 


PR 1 

Dog 

Cat 

mm. II £ 

+45 

; Esc line 

PR 2 

Dog 

Cat 

+25 

Eserine 

PR 4 

Dog 

Dog 

+15 


PR 5 

Dog 

Dog 

+15 


PR 10 

Cat 

Cat 

+20 


PR 12 

Dog 

Dog 

+35 

A.C. const, inj.* 

PR 13 

Dog 

Dog 

+15 


PR 20 

Dog 

Dog 

+65f 


PR 23 

Dog 

Dog 

+15 

A.C. const, inj. 

PR 3 

Cat 

Dog 

0 


PR 9 

Dog 

Dog 

0 


PR. 10 

Cat 

Cat 

0 


PR 13 

Dog 

Dog 

0 


PR 24 

Dog 

Dog 

l 

0 



* Acetylcholine iodide, constant intravenous injection, 
f Large infusion. 


itself was whether blood from a burned animal would affect the blood pressure 
of a normal assay animal. 

The upper part of table 2 presents a summary of the experiments dealing with 
the effect of injections of blood from burned animals into assay animals. In 9 
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out of 1 4 experiments a distinct rise in blood pressure from +15 to +65 mm. Hg 
resulted. The pressor responses were accentuated when the assay animals had 
been made hypotensive (about 100 mm. Hg mean pressure) with eserine or 
acetylcholine. Figure 6 represents a typical experiment in which a pressor 
response was obtained with small quantities of blood (2 cc.) ; normal blood from 
the test animal before the burn had only a slight and transitory effect, while the 
injection of blood drawn after the burn produced a considerable pressor effect, 
a rise of 25 mm. of blood pressure. 

Following burns in dogs, cats and rabbits, an outstanding observation was 
the immediate appearance of free hemoglobin in the plasma (the question of 
muscle hemoglobin should be investigated), the amount depending on the sever- 
ity of the burn. Therefore we had to consider whether normal partly hemolyzed 
blood per se would affect the blood pressure of an assay animal. The results 
showed that slightly hemolyzed normal blood, injected intravenously into a 
normal dog, caused a pressor response. These last findings seem to be important, 
because one of our most consistent findings has been the presence of hemoglobin 
in the plasma of burned animals. 

Hemolysis in vivo is known to be able to affect kidney secretion. During and 
following burns, kidney secretion was depressed in all animals, the degree of the 
depression depending on the extent of the burn. The kidneys of these animals 
were of chocolate brown colour and were found to be engorged with hemoglobin. 
It was conceivable, therefore, that an acute hypoxia of the kidneys might follow 
a burn, and that consequently large amounts of renin would be produced, which 
would raise the blood pressure. Therefore, acutely nephrectomized animals 
were subjected to scalding. The typical vasopressor response of burns was found 
in these experiments. 

Discussion and conclusions. We have shown, in confirmation of earlier 
work, that a reflex mechanism is present in burns, which maintains a more or 
less normal or even an elevated blood pressure for a considerable length of time. 
This relatively normal or elevated blood pressure probably explains the rarity 
of “primary” or “initial” shock (immediate low blood pressure, 10) in humans 
and animals suffering from severe burns. Wilson (10) in reporting a series of 
cases of very severe burns stated: “initial shock was infrequent, usually of mode- 
rate severity and transient. Profound initial shock was associated with unusual 
circumstances.” However, this relatively normal or even elevated blood pres- 
sure gives no indication of the true condition of the animal, for the other experi- 
mental findings reveal hemoconcentration, acidosis and increased circulating 
time. Therefore, if the blood pressure had been the only criterion considered 
the animal’s condition would have been called excellent. The blood pressure 
can be within normal limits until a few minutes before death. Hematocrit, 
circulating time and plasma CO 2 values are more reliable indices of damage 
suffered after thermal trauma. Kabat and Hedin (4, 5) in subacute experiments 
found slightly longer survival times in spinal animals subjected to a burn than 
in the case of normal animals. They apparently did not employ a standarc 
degree of thermal trauma; the wide range of the survival times would seem to 
necessitate a larger series of experiments than employed by them. 
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W e feel that the vasopressor effect of burns had a beneficial effect in the case 
of our acute experiments ; survival times were longer than in comparable experi- 
ments with mechanical traumatization, and circulating times were shorter follow- 
ing burns than following mechanical traumatization (13). We feel justified to 
conclude therefore that, at least in the early stages of burn shock, the mainte- 
nance of a more or less normal or of an elevated blood pressure may be beneficial 
to the organism. 

The spleen was excluded as an important factor in the vasopressor effect of 
burns. This was surprising, because in the dog this organ may contain and expel 
large amounts of blood. 

In an analysis of the reflex mechanisms of the rise of blood pressure in burns, 
the adrenal medulla and the splanchnic nerves were found not to play an impor- 
tant role. Bilateral adrenalectomy modified the curve of the blood pressure rise 
following a burn, somewhat, but did not abolish it. 

The absence, after hvpophysectomy, of the typical pressor response following 
bums does not prove that the hypophysis plays a role in the maintenance or rise 
of blood pressure following a burn, because the organism has been deprived of 
the tonus hormone of the capillaries; in other words, the reactions of the test 
animal have been altered. The change in the biologic test with acetylcholine 
for pituitary pressor hormone was startling, but in no way typical for pituitary 
pressor hormone. Yet, we cannot dismiss the idea that the considerable degree 
of hemolysis present in every severe burn could not modify the vasomotor re- 
sponse to acetylcholine to a slowly developing and prolonged reaction. 

Our results with normal blood liemolyzed in vitro and with hemolyzed blood 
from burned animals indicate that, besides the nervous or reflex factor, a physical 
factor may play a role in the pressor phenomenon of burns. In burned animals, 
kidnej’ secretion slowed down immediately after severe burns and often stopped 
completely. The kidneys were found engorged with hemoglobin. It was, 
therefore, conceivable that due to an early hypoxia of the kidneys, renin may 
enter the circulation. The role of renin as a major factor in the vasopressor 
effect of burns was excluded, however. After having excluded the role of the 
adrenals, the splanchnic nerves, the spleen, and the kidneys as important factors 
in the vasopressor effects of burns, the following factors remained: hemolyzed 
blood, pain impulses from the burned area, and the posterior pituitary gland. 
While the evidence for the first two factors is good, the role of the pituitary 
pressor hormone is not proven, but cannot be ruled out. 

SUMMARY 

1. During and following burns a rise of blood pressure occurred, which in 
many experiments remained elevated for a considerable period of time following 
the burn. 

2. This rise in blood pressure may give misleading information concerning 
the condition of the animal. 

3 . Scalding of a denervated foot caused a slight drop in blood pressure ; scalding 
of the normal foot resulted in a marked rise in blood pressure. 

4. Splenectom 3 r did not abolish the pressor effect of bums. 
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5. Adrenalectomy, or splanchnectomy, did not abolish the pressor effect of 
a burn. 

6. Hypophysectomized animals exhibited a marked fall in blood pressure 
when burned, the opposite of the response of normal animals. 

7. The acetylcholine vasodepressor response was inhibited in severe burns. 

8. A pressor substance could be demonstrated in blood from burned animals, 
but part of its effect seemed to be due to hemolysis. 

9. Renin was excluded as a major factor in the vasopressor effect of burns. 

10. The rise of blood pressure following burns seems to be due to a combina- 
tion of several factors, nervous, hormonal and hemolvzed blood. 
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It is well recognized that men accustomed to high temperatures can perform 
fixed physical tasks in the heat with better regulation of body temperature than 
unacclimatized men. For example, Dill (1-A) demonstrated that a stay of three 
weeks in the desert produces a marked improvement in the body temperature 
response to work in the heat. However, there is little evidence as to the rate of 
acclimatization to the heat or as to the detailed mechanisms involved. All 
indications are that cardiovascular adjustments are predominant. The cardio- 
vascular studies of Scott et al. (2) were limited to mild heat without physical 
exertion. 

The questions which we have emphasized are: 1. How fast do men acclimatize 
to heat dining the first few days of exposure? 2. How great is the variation 
between individuals? 3. Can we predict which men will respond best to heat? 
4. What is the sequence of the adjustments involved in establishing acclimatiza- 
tion to heat? 

These questions have been studied in normal men under rigidly standardized 
and controlled conditions. This is a report on the cardiovascular findings and 
related subjects. The principal data comprise some 7,000 observations made on 
43 subjects in the course of 202 subject days. Occasional reference is made to 
results on 23 additional subjects studied during 147 subject days. 

Subjects. The subjects used in these experiments were volunteer soldiers from 
the 710th M. P. Battalion and hired men students of the University of Minnesota. 
All subjects were free from major physical defects which might affect cardio- 
vascular functions. Ages varied from 18 to 46, most of the men being in the 
20- to 30-year age group. 

General 'procedure. Experiments of 3 different durations were used. In the 
initial series 6 men were studied in an 8-day exposure to the heat. These ex- 
periments, together with other evidence, indicated that the major cardiovascular 
adjustments are completed in about 4 days and that the first 2 days of exposure 
are critical. Accordingly, a second series was carried out in which 12 men were 
studied during 31- days exposure (series II) and 25 men were studied during 2 
days’ exposure (series III). In all cases the men were also studied under tem- 
perate conditions (control) for 2 da} r s immediately prior to the hot periods. 

1 The work described in this paper was done in part under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and Develop- 
ment and the University of Minnesota. Acknowledgment is also made of support from 
the Nutrition Foundation, Incorporated. 
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During the hot periods the subjects ate, slept and worked continuously in the 
controlled condition suite. 

A standard fixed regime of diet, observations, physical work, special tests and 
rest was followed. Standard clothing consisted of cotton shorts, socks and shoes 
for work and, for evening and rest periods, standard U. S. Army one-piece Ar- 
mored Forces battle dress. Physical work consisted of marching, in groups of 
2 to 4 at a time, on a large motor-driven treadmill. The rate was constant at 
3.25 miles per hour at an angle of climb of 7.5 per cent. This work demands 
oxygen consumption at about 7 times the basal rate. The work regime al- 
ternated work and rest in periods of 10 minutes each. 


TABLE 1 

Protocol for daily routine 


TIME 

TEMPERA- 

TURE 

ACTIVITY 

OBSERVATIONS 

7:30- S:00 a.m. 

°F. 

85 

Basal 

Rectal temperature 




Pulse, weight 




Cramp ton test 

8:00- 8:30 a.m. 

95 

Breakfast 


8:30- 9:15 a.m. 

105 

Rest 

Cold pressor test 

9:15-12:00 a.m. 

110-120 

8 work-rest periods, 

Work pulse rate 



20 min. each 

Rectal temperature 



1 

Rate of sweating 

12:00-12:30 p.m. 

110* 

Lunch 


1:30- 4:15 p.m. 

120 

8 work-rest periods, 

Work pulse rate 



20 min. each 

Rectal temperature 




Rate of sweating 

4:35- 5:10 p.m. 

120 

Rest 

Crampton test 




Cold pressor test 

5:10- 6:00 p.m. 

110 

Rest 


6:00 p.m. 

90 

Supper 


6:00- 7:30 a.m. 

85 

1 



* A I0°F. difference between dining room and treadmill room. 


Particular attention was paid to pulse rates in rest and work, rectal tempera- 
ture, rate of sweating, cardiovascular postural adjustment tests and cold pressor 
tests. An outline protocol of procedure for a typical day is given in table 1. 

Environmental Conditions. The air temperature in the hot periods was 120 
F. dry bulb and 85° wet bulb during the day and 85° dry bulb and 65° wet bulb at 
night. The “effective” temperatures (Houghton and Yaglou, 3) were 92° and 
74°, respectively. The control period temperature was the same as at night 
during the hot periods. The transition from night to day conditions required 
2J hours in the morning; 1 10°F. was reached within the first hour. The evening 
transition was completed more rapidly. Air movement was constant at all 
times. Radiation exchanges were not completely controlled; the wall tem- 
perature slowly followed the air temperature, reaching 118°F. in the late after- 
noons. 
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Methods. Pulse rales were counted with the aid of a stethoscope in rest and 
at the end of the work periods on the treadmill. The latter count was begun 
within one second of cessation of work and continued for 15 seconds. The a.m. 
and p.m. “work pulse rates” referred to subsequently in this report are the 
averages of 8 measurements for each man. 

Body temperature was measured rectally with a clinical thermometer. Rectal 
temperatures were measured during the first 90 seconds of recovery after the 
second, fourth, sixth and eighth work periods of each half day. 

Postural circulatory adjustment was studied by means of the “blood ptosis” 
test of Crampton (4). The subject reclined horizontally on a tilt table until 2 
pulse counts agreed within one beat per minute; the blood pressure was then 
measured. The table was then tilted to an angle of 65° and the pulse rate counted 
until stabilization was reached as before; the blood pressure was measured at this 
moment. The original Crampton test score does not provide for changes as 
large as observed in the heat so a modified scoring system was devised which ex- 
tends the range. 

The “cold pressor” test of Hines and Brown (5) was carried out with measure- 
ments of blood pressure and pulse rate before, during and after a 60-second im- 
mersion of the left hand in ice water. 

Rate of sweating was measured by weight loss of the nude subject after careful 
drying. The balance used was calibrated to % ounce. Rate of sweating was 
measured over the third work and the succeeding recovery period in the morning 
and again over the sixth period in the afternoon. The 24-hour sweat volume was 
calculated according to the formula: sweat loss equals water drunk plus water in 
food plus water of metabolism minus the sum of urine water plus fecal water plus 
water lost through the lungs. Water drank, urine volume and weight of food were 
measured ; the other variables were estimated. The final value was corrected for 
the 24-hour weight change. 

Diet and water. A constant diet was provided by a trained dietitian. It con- 
tained 3,100 calories, 95 grams of protein and 120 grams of fat. The diet pro- 
vided 15 ±2 grams of salt and was adequate, according to ordinary standards, in 
vitamins. On several experiments the salt intake was reduced to 5.8 ± 2 grams. 
Water was allowed ad lib at all times except during observations and actual work 
on the treadmill. 

Results in* work. Pulse rates and rectal temperature responses to work dur- 
ing the 8 days of exposure to heat are given in figure 1. Pulse rates for eight 
work periods for each man for each half day were averaged and the means for six 
men appear as a single point in the figure. Similarly, the rectal temperature 
points in the figure each represent the average of 48 determinations on six men for 
each half-day period. The pulse rates and rectal temperatures showed marked 
progressive acclimatization; after four days in the heat, the work was done in the 
heat with a pulse rate and rectal temperature not far different from that for work 
in the cold (control). There was little or no change from the 5th to the 8th day 
in the pulse rate or rectal temperature. 

The rate of sweating in work (p.m. values) increased 26 per cent over the 8-day 
period. However one-half the pulse rate and rectal temperature changes were 
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completed on the 3rd day with only a 4 per cent increase in the rate of sweating, 
and one-half of the total increase in the rate of sweating during work took place 
after all adjustments in temperature regulation as measured by rectal tempera- 
tures had taken place. 

All these changes took place without marked dehydration. Mean weight 
changes in grams during the day are given in table 2 along with rates of sweating 
during work and total 24-hour sweat volumes. 

Results in rest. Results in rest are given for series II since the most striking 
changes occur during the first 3-i- days. Values for pulse rate and blood pressure 



SYSTOLIC 

LYING 

SYSTOLIC 

TlLteo 


diastolic 

LYING 


DIASTOLIC 
TILT CO 


PULSt 

LYING 

f*Ln.sc 

T»LT£D 



Fig. 1 

Fig. 1. The mean work 
days of heat. 


Fig. 2 

pulse rates and rectal temperatures of six men exposed to eight 


Fig. 2. The pulse rate and blood pressures of 12 men (series II) during a 31 day exposure 
to heat. The upper chart represents basal observations in the morning (85°F.) ; the lower, 
observations 20 minutes after work. Note that morning observations on first day of heat 
serve as a control. 


before and after elevation of the tilt table are given in figure 2. Values for 12 
men were averaged for morning tests and for afternoon tests. 

Marked changes were produced by the heat. In general these alterations tend 
to return to normal values by the second or third day of exposure to the heat, but 
the morning systolic blood pressure in the horizontal position seems to be an 
exception. 

Indices of cardiovascular efficiency were calculated by the modified Crampton 
method (see "Methods”) . The average results are listed in table 3 ; the statistical 
significance is analyzed in table 4. 

Cold pressor test. Information on the state of the autonomic nervous system 
before, during and after exposure to heat might be expected to be of value, since 
cardiovascular adjustments to heat depend to a great extent on the proper dis- 
tribution of the circulating blood. The results of cold pressor tests performed on 
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15 men in series 3 are summarized in figure 3. Each subject was given 4 trial 
tests before exposure to heat. 

Analysis in terms of Fischer’s t values showed the only significant difference 
occurred between the blood pressure before and during stimulation with ice water 
in the morning experiment after one day in the heat. A few individual differences 
were noted. In the 15 subjects studied, two could be classified according to Hines 


TABLE 2 

The rate of sweating in grams per minute during work, the total 34-hour siceat loss, the U'cighl 
changes between the 2nd period in the morning and the 6th period in the afternoon , mean 
body weight, and the 24 -hour urine volume 


DAYS IN' HEAT 



l 

! 3 

5 

1 7 

s 

Rate of sweating 
(gms./min.) 
a.m 

13.3 

13. S 


14.5 

14 1 

p.m 

13.4 

13.9 

15.2 

16.7 

16.9 

24-hour sweat volume 
(liters) i 

6.62S 

6.602 

6. 468 

l 

6.997 

6.7S6 

Mean change in wgt. from 
morning to afternoon* 
(eras.) 

+187 

152. S 

+172 

-24 

0 

-12 

Mean body wgt., a.m., 
(lbs.) 

152.3 

152.0 

154.4 

153.2 

24-hour urine vol j 

750 

S09 

1,124 

919 

1,083 


* To the 6th period in the afternoon. 


TABLE 3 


TABLE 4 


Average Crompton scores ( modified ) for Statistical analysis of cardiovasctdar fitness 
successive days indices from table 3 



CON- 

1 j 

1st day 2nd DAY' 

3rd DAY' 

4tH DAY 


DAY 

HEAT HEAT j 

HEAT 

HEAT 

Morning. . . . 


71 61 

60 

72 

Afternoon . . 

60 ! 

46 | 61 

56 



COMPARISONS 


IDEGREESjt VAtUEj 

free- 
dom' 


Control p.m. vs. j 
1st heat p.m.. .. i 11 
First heat a.m. vs.i 
2nd heat a.m — j 11 


OB- 

TAINED 


t VALUE 
AT 1 % 
LEVEL 


5.SS 3.10 


3.51 | 3.10 


and Brown (3) in the normal hyper-reactive group before exposure to heat. After 
one day in the heat, four new subjects appeared in this group and one dropped out. 

Individual variation and interpretation. The average results indicate that 
adaptation to high temperatures is well started by the second day. However 
this is not true of a significant number of subjects. Table 5 gives the per cent of 
men studied from the three series who did not show improvement after the 
first day as judged by work pulse, rectal temperatures and Crampton score. 
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Kino men failed to show improvement in the work pulse rate on the second day. 
Seven of these men had no improvement in rectal temperature and only two 
showed definite improvement in the Crampton score. Thus 13 per cent of the 
subjects on the second day had definitely not improved by all the criteria used. 
On the fourth day one man who failed to show any improvement by any of the 
criteria used had lost ,4.5 per cent of his weight and had undoubtedly handi- 
capped himself by failing to drink sufficient water for his needs . Dehydration was 
also present in the three other men who failed to show improvement in either the 
Crampton score or the rectal temperature. 

Ten men out of 6G studied in this laboratory suffered heat exhaustion requir- 
ing interruption in the work schedule. Four of these exhibited clear cut cases of 



r> 

MORNING AFTERNOON MORNING AU PM AM. PM aM P.U AM. 

W FIRST DAY FIRST DAY SECONO OAY COOL . 

DAYS IN HEAT I Z 3 4 

Fig. 3 Fig. 4 

Fig. 3. Pulse rates, blood pressures and their respective standard deviations of a group 
of 15 men before, during and after exposure of the hand to ice water for one minute. 

Fig. 4. The work pulse rate of subject M who suffered heat exhaustion characterized by 
hypotension, tachycardia, vertigo and vomiting on the afternoon of the third day in the 
heat compared to a group of 12 men (series II) who acclimatized in a normal manner. 

heat prostration characterized by low resting blood pressure, rapid pulse, nausea, 
vomiting and vertigo. Three of these cases occurred on the second day in the 
heat; one on the third da}’. Figure 4 shows the failure of subject M to have any 
improvement in his work pulse rate until he finally suffered heat prostration on 
the afternoon of the third day. The work pulse rates of the other three men who 
suffered heat exhaustion on the second day were either higher than or equal to the 
values of the first day. Table 6 gives the average of findings on these four men 
on the evening of the first day compared with the average findings of the 26 men 
who were taking part in the experiments which included these cases of heat pros- 
tration. The absolute magnitude of the pulse rate does not appear to have much 
significance but the failure to show an improvement from day to day must be 
considered as a danger sign. 
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The men who suffered heat exhaustion and prostration were kept in the high 
temperature suite. Treatment consisted solely of rest. This proved sufficient 
to enable all except one man to resume the work schedule within 24 to 30 hours. 
It is interesting to note that the men who suffered heat prostration or exhaustion 
did not. exhibit excessive thirst at any time. 

The Crumpton scores for the four men who later suffered heat exhaustion were 
5. 5, 25 and 30. Fainting? before completion of observations were arbitrarily 
assigned a value of 5. Two men of the 22 who did not have heat exhaustion had 
scores of 5 and 30 and were classified by the observers as poor and two had scores 
of 30 and 25 and were classified as fair. 

Evening Crampton scores of 30 or less may be classified as in the danger 
zone. Individual variations from day to day above this value are difficult to 


TABLE 5 


The per cent of subject s studied showing 
no improvement in pulse rale, rectal 
temperature and Crampton score after 
exposures to heat of different duration 


ays is nr.AT rnisTAV.r.n 

1 

( 

I t" 

cd 

i 

i 7 

! 1 i 

- 1 

c 

U 

U 

■ r t 

! 

! ' 

I f'" ; 

1 

per | 

ftr 




cent | 

cer.1 

1st ami 2nd day*.! 

43 

; 2i ; 

GS i 

40 

1st and 3rd day*. . 

17 

j 12 

2-1 ’ 

12 

1st and 4th dayf. . 

i l r i 1. a.. 

17 

1 6 i 

1 n ' 

is ! 

n 

IS 

A 


* Basis of comparison pan. values. 
| Basis of comparison a.m. values. 


TABLE 0 


Comparison of the average values of work 
pulse rote, rectal temperature and Cramp- 
ton scores on the evening of the first day in 
heal of /, men who subsequently suffered 
heat exhaustion and the average values of 
26 men exposed to identical conditions 


; WORK 
•rn.SE ; 
' RATE ; 


Average of 4 men who ; 

suffered heat exhaustion 
Average of 20 men who 
did not suffer heat 
exhaustion 


RECTAL 

TEMP. 


T. 


CRAStr- 
T OS 
SCORE 


°F. 


107 f 101.3 16 


> i 

166 101.3, 43 


interpret. Rank correlation coefficients of Crampton scores on repeat measure- 
ments under identical conditions after three preliminary trials were always poor 
(0.40). Morning Crampton scores did not appear to be a reliable index of 
condition. 

We were unable to select those men who would tolerate heat well by any of the 
variables measured. No relationship was found in the cold between a, resting 
pulse rate; b , work pulse rale; c, Crampton score; d, basal rectal temperature; 
r, work rectal temperature (in the cold) and the ability to perform work in the 
heat either before or after acclimatization. 

Discussion. The strain placed on the circulation by the excessive demands 
of the skin for an increased blood supply to serve the requirement of heat regula- 
tion may be very large. Adolph (6) has estimated that approximately 2.5 liters 
of blood per minute must be circulated through the skin to dissipate the heat 
production of walking in the desert. In the unacclimatized man this increased 
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circulation through the skin produces the early signs of peripheral circulatory 
collapse, i.e., a rapid work pulse rate (7), a decreased stroke volume and in some 
cases a decreased minute output (8), and a large increase in pulse rate and drop in 
blood pressure on assuming the upright position (9, 10). These facts are best 
explained by the inability of the vasomotor system to make the adjustments 
necessary to maintain complete filling of the great central veins. The rapid fall 
of the work pulse rate with continued exposure to heat of our subjects coupled 
with the marked improvement of the Crampton score indicates that the appro- 
priate vasomotor adjustments are made in large part during the first four days 
in heat. The results of the cold pressor test, although not striking, suggest that 
an increased sensitivity of the vasomotor apparatus of the autonomic nervous 
system plays a role in the process of adaptation. 

Blood volume changes may be of importance in this process. It is well known 
that loss of electrolytes and water will lead to a decreased blood volume (14). 
However, blood volume effects have been minimized by 1, an adequate salt in : 
take, and 2, an adequate water intake. It is felt that the salt intake was ade- 
quate since doubling the salt intake did not influence the response or rate of ac- 
climatization to heat (11). 

Dill (1-B) has emphasized the role that an increased capacity to produce sweat 
plays in adaptation to high temperatures. The evidence presented here indi- 
cates that the 24-hour sweat production is not significantly changed and that the 
increased rate of sweating during work (see table 2) is a late and relatively minor 
adjustment. In fact, one-half of the total 26 per cent increase in the rate of 
sweating appears to serve no useful purpose since it occurred after all the ad- 
justments in temperature regulation (as judged by the rectal temperature) had 
taken place. 

Correlations between rectal temperature and pulse rate first reported by 
Haldane (12), between pulse rate and environmental temperature (13) and be- 
tween the rate of sweating and pulse rate (6) will be dependent on the state of 
acclimatization and must be stated in terms of this variable. 

SUMMARY 

1. Seven thousand observations on pulse, blood pressure, rectal temperature 
and rate of sweating in work and rest are reported on 43 subjects (202 subject 
days) on a constant salt diet before and during exposure to dry heat for 2 to 8 
days. Additional observations were made on 23 other subjects for 147 subject 
days. Observations of pulse and blood pressure before and after elevation on a 
tilt table were made morning and evening. Modified Crampton scores of cardio- 
vascular fitness were calculated from these figures. 

2. Marked deviations from control values in cool conditions were observed in 
work pulse rates, rectal temperatures and Crampton scores during the first days 
in heat. 

3. Ten cases of heat exhaustion occurred; four of these were clear cut examples 
showing collapse with hypotension, tachycardia, vertigo and vomiting. Best 
without removal from the hot environment sufficed to restore the ability to per- 
form work in these men. 
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4. A rapid improvement in work pulse rate, rectal temperature and Crampton 
score took place and was complete in 4 to 5 days. No significant change took 
place in these variables from the fifth to eighth days. 

5. The primary adjustment involved in acclimatization to heat is an improve- 
ment in cardiovascular efficiency. A decrease in the accumulation of heat, as 
measured by the rectal temperature during work, is probably secondary to cardio- 
A'ascular improvement. 

6. The average daily sweat loss is not affected by acclimatization. The rate of 
sweating during work tends to increase as acclimatization proceeds but a large 
part (one-half) of this change occurs after the more important adjustments, as 
indicated by the rectal temperature and pulse rate during work, have taken 
place. 

7. The failure of the work pulse rate to show improvement over the value of the 
first day is a sign of impending heat exhaustion ; similarly, poor cardiovascular 
postural adjustment in the evening is a danger sign. 

8. None of the variables studied in the cold (control) are useful in the predic- 
tion of the ability to acclimatize in subsequent exposure in heat. 

It is a pleasure to acknowledge the co-operation of Col. H. J. Iveeley and Lt. 
Col. J. J. Shy and the men of the 710th M. P. Battalion. We are indebted to 
Miss Angie Mae Sturgeon, Head Technician, and Miss Evelyn Pearson, Dietitian, 
for many services in carrying out the routine of the experiments. We wish to 
thank Dr. Joseph Brozek for advice in the statistical analysis of the data. 
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It lias been shown that limitation of the diet during the added strain of preg- 
nancy may reduce the protein content of the plasma and that in the presence of 
experimental hepatitis during pregnane} 7 a marked lowering of the protein con- 
tent of the plasma occurs. In these experiments it appeared that the drain of 
protein to the fetus was at the expense of the maternal plasma proteins and was 
reflected in the lowered level of protein in the plasma when the diet was re- 
stricted. Injury of the liver inhibited the formation of plasma albumin and 
further reduced the level of maternal plasma albumin. Experimental hepatitis 
and restriction of the diet of the nonpregnant rat are also associated with a 
lowered plasma protein. The extent of the lowering of the plasma proteins could 
not be so consistently correlated with the dietary restrictions of the nonpregnant 
animals as with those of the pregnant animals. 

The added requirements for growth of the immature animal are somewhat 
similar to those of the pregnant animal. In a few preliminary experiments it was 
found that the administration of carbon tetrachloride to immature rats on re- 
stricted intake of food produced a lowering of the plasma proteins similar to that 
found after exposure to carbon tetrachloride of pregnant rats. The present series 
of experiments indicate that the protein content of the plasma of immature rats is 
lowered by the production of experimental hepatitis and that the lowering can be 
correlated with the amount of restriction of the diet. Attempts were also 
made to alter the levels of plasma protein in immature animals that had experi- 
mental hepatitis by altering the quality of the dietary protein. Unfortunately 
this phase of the work was interrupted by the war. 

Procedure. Individual litters of rats from twenty-one to twenty-six days of 
age were divided into two groups, one of which was to receive carbon tetra- 
chloride and the other to serve as the control group. The experimental period 
differed among the various litters, but within each litter both the controls and 
the treated animals underwent the same regimen except for the carbon tetra- 
chloride. The treated rats were exposed to carbon tetrachloride, 1 cc. vaporized 
in 10 liters of air, for a ten minute period each day. The average dietary intake 
of the controls was restricted to coincide with the average intake of the experi- 
mental animals each day. At the end of the experimental period the animals 
were weighed and anesthetized and blood was withdrawn from the heart. Pooled 
samples of each group were analyzed for total protein and for albumin and 
globulin by the method of Howe (1). The results of this experiment are given in 
table 1 . All of the figures given are average figures obtained from the two to six 
rats in each experimental and control group. The food intake is recorded as the 
average daily intake for each rat. 
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There are obviously several objections to the procedure outlined in the preced- 
ing paragraph. Most of these objections were obviated in similar experiments 
repeated under paired feeding technic. Two animals of the same litter and the 

TABLE 1 


Effect of carbon tetrachloride on immature rats 


EXPERI- 

MENTAL 

BODY WEIGHT 

LIVER WEIGHT 

JOOD INTAKE 

PLASMA TOTAL 
PROTEIN 

PLASMA ALBUMIN 

PLASMA 

GLOBULIN 

PERIOD 

Con- 

trols 

CCL* 

Con- 

trols 

CCU 

Con- 

trols 

ecu 

Con- 

trols 

CCLi 

Con- 

trols 

CCL, 

Con- 

trols 

CCU 

days 

grams 

grams 

grams 

grams 

grams 


grams 
per 100 
cc. 

grants 
per 100 
cc. 

grams 
per 100 
cc. 

grams 
per 100 
cc. 

grams 
per 100 
cc. 

grams 
per 100 
cc. 

31 

86.0 

77.3 

3.77 

4.67 

6.20 

6.16 

5.4S 

3.7S 

3.85 

2.25 

1.63 

1.53 

25 

85.6 

SI. 3 

4.36 

5.46 

6.60 

7.05 

5.40 

4.35 

4.13 

2.54 

1.27 

1.81 

22 

66.2 

53.7 

2.92 

4.24 

4.42 

4.45 

5.26 

4.13 

3.17 

2.13 

2.09 

2.00 

21 

51.7 

54.5 

2.57 

4.25 

4.20 

4.83 

5.05 

3.57 

3.07 

2.11 

1.98 

1.46 

21 

113.0 

76.0 

5.47 

5.3S 

Adlib 

Ad lib 

4.65 

3.91 

3.45 

2.70 

1.20 

1.21 

hmm 

37.7 

49.3 

2.13 

3.14 

3.76 

3.77 

4.01 

2.59 





■■ 

57.3 

60.0 

3.45 

4.24 

4.05 

5.20 

4.90 

3.84 


1.87 

1.81 

1.47 

18 



2.54 

5.41 


5.32 

5.22 

3.60 

3.68 

2.26 

1.54 

1.34 

18 



2.34 

3.49 


4.84 

4.61 

3.8S 

2.67 

2.22 

1.94 

1.66 

IS 

44.4 

45.4 

2.25 

3.98 

4.75 

4.70 

5.13 

4.15 

3.64 

2.74 

1.49 

1.41 

17 

46.5 



3.59 


4.71 

4.84 

3.63 





13 

59.0 

48.5 

2.89 

3.6S 


5.35 

4.09 

2.35 





12 

39.4 

32.8 

1.81 

2.68 

3.74 

2.92 


3.88 






TABLE 2 


Effect of carbon tetrachloride on immature rats: -paired feeding technic 


EXPERIMENTAL 

PERIOD 

BODY WEIGHT 

LIVER WEIGHT 

DAILY NITROGEN INTAKE 

PLASMA TOTAL PROTEIN 

Control 

CCL« 

Control 

CCLi 

Control 

CCL* 

Control 

CCL* 

days 

grams 

grams 

grams 

grams 

mgm . 

mgm. 

grams per 
100 cc. 

grams per 
100 cc. 


60 

34 

2.47 

4.03 

22S 

228 

4.48 

3.41 

18 

35 

47* 

1.72 

3.40 

212 

212 

5.62 

3.19 

19 

50 

46 

2.17 

3.74 

188 

1S8 

3.45 

2.90 


47 

34 

2.25 

3.81 

183 

183 

5.40 

2.94 

18 

61 

56 

2.84 

3.76 

173 

173 

3.62 

2.88 

14 

34 

4S* 

1.91 

2.65 

147 

147 

4.14 

3.44 

14 

38 

53* 

2.79 

3.26 

146 

146 

4.33 

3.62 

IS 

36 

54* 

1.58 

3.52 

145 

145 

3.86 

2.66 

14 

36 

45* 

1.5S 

3.2S 

118 

118 

4.13 

3.60 


37 

27 

2.14 

1.76 

S9 

S9 

4.88 

2.10 


* Ascites present. 


same weight were kept in individual cages and allowed free access to water. The 
food was weighed individually and the dietary intake of each animal was de- 
termined by that of its pair mate. The results of this experiment are given in 
table 2. The nitrogen intake of each animal as given is the daily average for the 
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period of the experiment. During the first two or three days of the experiment 
the treated animals ate sparingly. The control animals were likewise restricted. 
As the experiment progressed, the intake of food was increased. 

Results. The livers of the animals receiving carbon tetrachloride were 
all definitely fatty in appearance in contrast to the normal red color of the 
livers of the control animals. The livers of the treated animals were also 
larger than those of the control animals. Hyperbilirubinemia was present in the 
treated animals and all of them appeared slightly icteric when carefully com- 
pared with the control animals. The body weight of the treated animals was less 
than that, of the controls, except for those treated animals in which ascites de- 
v eloped. This may indicate that the utilization of food was impaired by the 
administration of carbon tetrachloride, as in many cases the intake of food of the 
.treated animals exceeded that of their controls. 

The rats which received carbon tetrachloride were unable to attain the levels of 
plasma protein maintained by the control animals. In comparable experiments 
the level of plasma protein was lowest in those treated animals receiving the 
greatest dietary restriction. It seems probable that the levels of plasma protein 
in the treated animals are the resultant of three components, the dietary intake, 
the protein requirements of the body and the injury to the liver. The changes 
produced in the globulin of the plasma were not great. In all cases the reduction 
of the level of plasma protein was at the expense of the albumin fraction. 

Two other series of paired feeding experiments gave results very similar to 
those given in table 2. In these experiments an attempt was made to determine 
the effects of altering the quality of the protein in the diet by feeding a third rat 
for each pair a similar amount of diet except for the replacement of part of the 
diet with a different protein. In one series the replacement of 20 per cent of the 
protein with erythrocytes of dogs, a protein which is relatively poor for regenera- 
tion of plasma proteins after plasmapheresis (2), did not further lower the plasma 
protein content of the treated animals. In the other series the replacement of 
30 per cent of the protein of the restricted diet with plasma protein did not ap- 
preciably increase the plasma protein of the treated animals. These experiments 
should be repeated with larger amounts of replacement of the diet with proteins 
thought to be especially favorable for plasma protein regeneration. The failure 
of these experiments to demonstrate any difference in effect of feeding proteins 
known to be good or poor for regeneration of plasma protein, however, indicates 
that the failure of production of plasma protein is due primarily to damage of the 
liver. The control experiments demonstrate that the quantity and quality of the 
proteins present in the diet were adequate for maintenance of the levels of plasma 
protein in the untreated animals. 

SUMMARY 

Experimental hepatitis produced by exposure of immature rats to carbon 
tetrachloride and restriction of diet reduces the level of protein of the plasma. 
The lowered level of plasma protein is almost entirely at the expense of the plasma 
albumin. There was a voluntary restriction of food intake by the treated animals 
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but much greater restriction of the diet of untreated animals did not produce 
comparable lowering of the plasma proteins. In the treated animals. the level 
of protein in the plasma was roughly proportional to the dietary intake. The 
level of protein in the plasma, however, probably reflects the functional capacity 
of the liver more than the dietary intake. Substitution of protein, rated as good 
or poor for the production of plasma proteins in other experiments, for part of the 
dietary protein did not alter the levels of plasma protein in the treated animals. 
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Factors influencing the regeneration of plasma protein have been successfully 
studied following plasmapheresis (I). While this method is well suited to larger 
experimental animals, unfortunately various difficulties make it less practicable 
for use in studies of the rat. In this regard, the idea presented itself that perhaps 
the physiologic stress of pregnancy might conceivably be considered as an “in- 
ternal plasmapheresis.” While it is true that “plasmapheresis” must here be 
construed in a modified sense of the term, since the characteristic replacement of 
whole blood by cells suspended in saline solution is completely lacking, yet it is 
appropriate to point out that the end result is of a similar nature. In both 
procedures there is a strain on the stores of body protein. [Moreover, the fact 
that the strain of pregnancy is necessarily more prolonged than that of true 
plasmapheresis endows its use -with special value. If now it be considered that 
there exists a dynamic equilibrium between the tissue stores of protein and the 
proteins of the blood stream, it becomes of interest to speculate concerning the 
effect of pregnancy on the level of the plasma proteins and, more particularly, 
whether or not the experimental hepatitis produced by administration of carbon 
tetrachloride during pregnancy might be reflected in the postpartum level of the 
plasma proteins. 

Procedure. The effect ' of carbon tetrachloride during the gestation period. 
Feeding experiments have been conducted on paired virgin rats obtained from an 
inbred stock. The animals were fed a commercial rat food which is adequate 
for rats. Tins food served as the basic diet throughout those experiments. 
After similar preliminary feeding periods designed to equalize the stores of tissue 
protein, the two animals were inseminated by males of the same stock. The 
presence of blood and mucus in the vaginal smear within a few days after insem- 
ination was indicative of the successful implantation of the ovum. One of the 
two pregnant animals was then give fifteen minute periods of inhalation of carbon 
tetrachloride daily during the last two weeks of pregnancy. The food intake of 
the animal so treated became the limiting factor for the intake permitted to its 
pair mate. 

At the end of the gestation period, the newborn rats were weighed, and this 
weight subtracted from the maternal pregnant weight indicated the body weight 
of the adult animal alone. The maternal blood was removed by heart puncture, 
and the maternal livers rvere removed and weighed. It is obvious that there is a 
possibility of several variables in such an experiment. It is felt that these, how- 
ever. have been controlled in great measure by the following precautions: the 
choice of virgin animals of similar weight from an inbred stock, the similar pre- 
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liminaiy feeding periods, the equal gestation periods, the equalized intakes of 
food, the production of young approximating the same total weight, and the 
removal of the maternal blood by the same procedure. Whenever any of these 
standards were not obtainable within reasonable limits, the experiment was dis- 
carded or repeated. 

The effect of 'pregnancy alone. The same precautions were observed as pre- 
viously. Animals of similar weight from an inbred stock were paired, and one 

TABLE 1 


The effect of carbon tetrachloride during the gestation period 


ANIMAL 

POSTPARTUM 
WEIGHT OF 
ANIMAL 

LIVER 

WEIGHT 

NUMBER 

OF 

YOUNG 

WEIGHT 

OF 

YOUNG 

TOTAL 

INTAKE 

OF FOOD 

TOTAL 

PROTEIN 

ALBUMIN 

globulin: DE c y R "°- 

1 


grams 

grams 


grams 

grams 

grams per 
100 cc. 

grams per 
100 cc. 

grams per, . , 

100 cc. > €em 

1 

202 

7.97 

s 

32 

243 

5.35 

3.42 

1.93 

34.7 

1 (CCL) 

193 

10.80 

6 

21 

243 

4.S9 

2.67 

2.22 

! 34.2 

2 

168 

7.02 

7 

34 

165 

5. SI 

4.05 

1.76 

! 32.4 

2 (CCL) 

153 

9.00 

s 

40 

153 

4.S7 

3.10 

1.77 

j 39.2 

3 

171 

6.S7 

5 

35 

137 

4.74 



35.0 

3 (CCL) 

171 

7.15 

s 

41 

137 

4.35 



I 35.0 

4 

171 

6.87 i 

5 

35 

137 

4.74 

3.46 

1.2S 

35.8 

4 (CCL) 

172 

7.72 

S 

42 

151 

3.73 

1.86 

1.77 

40.7 

5 

172 

6.33 

6 

21 

137 

4.92 

3.27 

1.65 

35.5 

5 (CCL) 

193 

10. SO 

6 

21 

243 

4.89 

2.67 

2.22 

34.2 

6 

169 

7.30 

9 

43 

139 

4.80 

3.09 

1.71 

34.9 

6 (CCL) 

162 

6.99 

S 

32 

12S 

3.88 

1.76 

2.12 

38.9 

7 

308 

11.85 

9 

24 

375 

5.59 

3.70 

1.89 

50.5 

✓ N 

o 

o 

302 

14.26 

12 

46 

468 

5.35 

2.25 

3.10 

35.1 

8 

220 

10. SS 

5 

27 

Ad lib 

6.58 

3.45 

3.13 

34.1 

8 (CCL) 

192 

10.83 

6 

18 

Ad lib 

5.00 

3.20 

1.80 

37.9 

9 

233 

11.14 

9 

33 

218 

4.86 

2.90 

1.96 

34. S 

9 (CCL) 

262 

13.59 

9 

33 

419 

4.07 

2.51 

1.56 

36.1 


was chosen for insemination. The food intakes were equilibrated during the ex- 
perimental period, and following the end of gestation, the body weights, liver 
weights and blood were obtained in the manner described in the preceding section. 

Results. The effect of carbon tetrachloride during the gestation period. The 
usual result of treatment with carbon tetrachloride during pregnancy was to 
cause lower total protein levels than were present when no carbon tetrachloride 
had been administered. Hypertrophy of the liver indicated that hepatic damage 
had occurred in the animals treated with carbon tetrachloride. The decrease of 
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total plasma protein was due to a specific lowering of albumin and not to any 
decrease of globulin. In fact, the serum globulin of the animals that had cir- 
rhosis was frequently increased, so that the albumin globulin ratio either ap- 
proached unity or became less than unity. No consistent effect on the hemato- 
crit was demonstrable. These results are presented in table 1. Perusal of this 
table indicates that the results can be classed roughly in two groups: 1, those in 
which approximately the same intake of food was not capable of maintaining the 
total plasma protein as high when carbon tetrachloride had been administered as 
when it had not been administered, and 2, those in which, in order to attain 
nearly the same total plasma protein concentration as its pair mate, the animal 
that received carbon tetrachloride required much greater quantities of food than 


TABLE 2 

The effect of ’pregnancy 


ANIMAL 

POSTPARTUM 

weight OF 

ANIMAL 

LIVER 

WEIGHT 

NUMBER 

OF 

YOUNG 

WEIGHT 

OF 

YOUNG 

TOTAL 
INTAKE 
OF FOOD 

1 

TOTAL 

PROTEIN' 

ALBUMIN 

GLOBULIN 

hemato- 

crit 



grams 

grams 


grams 

grams 

grams per 
100 cc. 

grams per 
100 cc. 

grams per 
100 cc. 

per cent 

1 

P 

171 

6.87 

O 

35 

137 

4.74 

3.46 

1.28 

35.8 

l 

NP 

178 

6.87 

0 


142 

6.23 

3.46 

2.77 

41.6 

2 

P 

169 

7.30 

9 

43 

139 

4. SO 

3.09 

1.71 

34.9 

2 

NP 

154 

5.03 

0 

1 

128 i 

5.26 

3.49 

1.87 l 

41.7 

3 

P 

172 

6.33 

6 

21 

137 

4.92 

3.27 

1 .65 

35.5 

3 

NP 

175 

5.75 

0 


137 

5.52 

3.39 

2.13 

44.7 

4 

P 

233 

11.14 

9 

33 

218 

4.S6 

2.90 

1.96 

34. S 

4 

NP 

222 

9.44 

0 


218 

6.47 

3.57 

2.8S 

37.0 

5 

P 

202 

7.97 

i 

S 

l 

32 

, 

243 

5.35 

3.42 

1.93 

34.7 

5 

NP 

200 

7.93 

0 


243 

6.27 

3.43 

2.84 

39.5 


P = pregnancy, NP = no pregnancy. 


its pair mate. Even then, the increase was usualty limited to the globulin frac- 
tion, and. the albumin was not increased by these measures. 

The gross appearance of the newborn offspring of the animals treated with 
carbon tetrachloride was no different from that of the newborn not exposed to this 
toxin. Histologically, the livers of the young whose mothers had received carbon 
tetrachloride showed only slight differences, which were not consistent. 

The effect of pregnancy alone. The effect of pregnancy alone on the concentra- 
tion of the plasma proteins was to produce levels lower than were present in non- 
pregnant animals. In other words, as might be expected, pregnancy is a drain on 
the maternal store of protein, which is reflected in the levels of the total protein 
concentration, when the food intake has been limited. Contraiy to the findings 
for the rats treated with carbon tetrachloride, this decrease was not of albumin 
but of globulin (table 2). The effect of pregnancy was also to decrease the 
hematrocrit but there was no consistent effect on hypertrophy of the liver. 
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SUMMARY 

Carbon tetrachloride administered to rats dining pregnancy causes a lowering 
of the maternal plasma- total protein and the albumin existing immediately post- 
partum, as compared with pair mates not receiving carbon tetrachloride. The 
globulin fraction is, on the contrary, frequently increased. Some hypertrophic 
changes occur in the liver as a result of administration of carbon tetrachloride. 

The effect of pregnancy alone, under the conditions of these experiments, is to 
cause a lowering of the globulin fraction, which is reflected in the total protein 
level. The concentration of albumin is not markedly affected. There is no 
demonstrable hypertrophy of the liver. 
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Bert and Laffont (1882) showed that electrical stimulation of the mesenteric 
nerves caused a contraction of the lacteals in a digesting animal, while stimula- 
tion of the splanchnic nerves produced a dilatation. Furthermore, stimulation 
of the vagus resulted in a brief lympathic dilatation followed b 3 r a constriction. 
Mechanical stimulation of the thoracic duct or of the lacteals elicited a wave of 
contraction which progressed slowly and which was followed bj r a wave of 
dilatation. 

Camus and Gley (1894), working on dogs with a perfused thoracic duct, 
reported that stimulation of the left splanchnic caused a dilatation of the cisterna 
and a corresponding decrease of its internal pressure. They (1895a) also showed 
that stimulation of the left thoracic sympathetic chain below the stellate ganglion 
produced a dilatation of the duct. Thej r concluded that the sympathetic ele- 
ments in the left thoracic chain and splanchnic nerve include dilator fibers for 
the duct and the cisterna, respectively. In some of their observations stimula- 
tion of these nerves caused a constriction. This discrepancy was explained by 
the assumption that there are also sympathetic constrictors. Stimulation of 
the vagus by these observers (1895a) led to a decrease of flow through the thoracic 
duct in only one instance, which they considered atypical. Pilocarpine, they 
(1895b) found, caused a constriction of the thoracic duct while atropine had 
a dilator effect. 

Beznak (1937) noted that acetylcholine increases the flow of lymph through 
the duct. Since the microscopic observation of the intestinal villi revealed a 
concomitant dilatation of arterioles and capillaries he concluded that the in- 
creased thoracic flow was due to an enhanced production of lymph. 

The survey of the literature shows that the knowledge of the motor control 
of the thoracic duct is incomplete. The present observations were made with 
the purpose of determining the influence of the vagi and of acetylcholine and 
adrenaline on the motility of the duct and cisterna. 

Method. Cats were used, anesthetized with dial (Ciba, 0.7 cc. per kgm., 
intraperitoneally). The animals were kept fasting for 24 hours, and then, two 
hours before the experiment, were given GO cc. of olive oil through a gastric 
tube. In addition, after they were anesthetized, they received an intravenous 
injection of 10 cc. of dextrose (50 per cent), in order to distend the thoracic duct 
with lymph. A tracheal cannula was inserted and artificial respiration was 
administered. 

A small segment of the innominate vein, at the region of entrance of the 

1 Fellow of the Rockefeller Foundation. 
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thoracic duct, was isolated by ligatures of that vein and all of its branches. A 
cannula was then inserted into the cisterna, which was approached by a midline 
abdominal incision and by section of the diaphragm. A mass ligature eliminated 
all the connections of the cisterna other than that with the duct. The innomi- 
nate vein was then cannulated and perfusion of the duct was started. 

The perfusing fluid was Tyrode solution with 6 per cent arabic gum and at 37°. 
The pressure (from 30 to 50 cm. of the solution) was regulated by a Mariotte 
flask and was adjusted to obtain 6 to 9 drops per minute. The drops fell on a 
Marey tambour connected to another tambour recording on the kymograph. 

The thorax was opened widely in order to eliminate changes in the diameter 
oi the cisterna or duct due to respiratory activity. In these conditions a con- 
traction of the lymphatic channels will result first in an increase of the flowing 
drops due to a decrease of capacity, and then in a decrease of flow, due to in- 
creased resistance. Conversely, a dilatation will appear as a decrease followed 
by an increase of the flow. 

Results. In a series of observations acetylcholine or adrenaline was added 
to the perfusing fluid. The solutions were slowly injected into rubber tubing 
near the cannula inserted in the cisterna. The addition of acetylcholine (10~ 5 
to 10~ 7 ) resulted in a decrease of flow through the duct (fig. 1). The latenc.y of 
the effect was variable but its duration was usually prolonged. It may be 
inferred that acetylcholine has a constrictor action on the main lymphatic trunk. 

Similar injections of adrenaline caused an increase of flow, thus indicating that 
the hormone has a relaxing action (fig. 2) . This relaxing action was also observed 
when adrenaline was administered in the course of the constrictor response to 
acetylcholine. 

The responses both to acetylcholine and to adrenaline decreased in the course 
of an experiment; after a few hours they were minimal or negligible. The}' also 
decreased considerabty if the perfusing fluid became cooler. 

In another series of observations the effects of intravenous injections of acetyl- 
choline or adrenaline were recorded. Acetylcholine (0.1 7) caused a decrease 
of flow, much as it did when added to the perfusing fluid. This decrease was 
sometimes preceded by a brief increase which may be attributed to a reduction 
of capacity (p. 602). Injections of adrenaline (20 7) resulted in an increase of 
flow preceded sometimes by a brief decrease. Occasionally adrenaline elicited 
exclusively a decrease of flow, not followed by an increase. This effect may be 
explained by assuming an inhibitory action affecting exclusively the cisterna — 
not the duct. 

In a final series of observations the vagi were dissected in the neck and were 
cut centrally. Electrodes were applied to the peripheral parts. Stimulation 
with faradic shocks from a Harvard coil with 1.5 volts in the primary circuit, 
was followed by a decrease of flow. It may be inferred that the vagal nerve 
impulses, like acetylcholine, exert a constrictor influence. 

Comment. It is usually assumed that the main factor which regulates the 
flow of lymph through the thoracic duct is the difference between the positive 
abdominal and the negative intra-thoracic pressures. There is, however, ana- 
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tomical evidence that the walls of the eisterna and duct contain smooth muscle 
elements. In addition Quenu and Darier (1882) described a nervous plexus of 
fine nonmyelinated fibers in the walls of the thoracic duct of the dog. These 
anatomical data suggest contractile functions under a nervous control. The 
present observations confirm this expectation. Unlike blood vessels, however, 
which as a rule constrict in response to sympathetic impulses, the thoracic duct 
and eisterna relax under this influence and contract in response to parasympa- 
thetic stimuli. 

Three factors determine the flow of lymph through the thoracic duct: a, the 
“vis a tergo,” which depends on the continuous production of lymph; b, the 
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Fig. 1. Decrease of flow through the perfused thoracic duct caused by acet 3 'lcholine. 
Upper record: drops of perfusing fluid. Middle signal: injection of acetylcholine (ly) 
into the fluid. Lower signal: 5 sec. intervals. The lower strip follows the upper one im- 
mediate! y. 



Fig. 2 Fig. 3 

Fig. 2. Increase of flow caused by adrenaline. As in figure 1, but at middle signal adren- 
aline (10-y) added to the perfusing fluid. 

Fig. 3. Decrease of flow caused by vagal stimulation. As in figure 1, but at the middle 
signals, first the left and then the right vagi were stimulated peripherally with a coil dis- 
tance of 12 cm. 

pressure gradient between the abdominal and thoracic cavities; and c, the 
motility of the eisterna and thoracic duct controlled by the autonomic nervous 
system. 


SUMMARY 

The eisterna cliyli and the venous ending of the thoracic duct were cannulated 
in cats. The flow through these channels was measured by recording the number 
of drops per unit time with a constant head of pressure of a perfusing fluid. 

When acetylcholine was added to the perfusing fluid, the flow decreased, indi- 
cating a constrictor effect (fig. 1). Conversely, perfusion with adrenaline re- 
sulted in an increased flow, which showed a dilator action (fig. 2). Intravenous 
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injection of these substances produced effects similar to those obtained when 
they were added to the perfusing fluid. Stimulation of the vagus nerve, like 
acetylcholine, had a constrictor action (fig. 3). 

In confirmation of early studies it is inferred that the lymph channels are 
contractile organs under nervous control. This contractility is one of the factors 
which governs the flow of lymph. 

I wish to express my appreciation to Dr. Walter B. Cannon for his kindly 
hospitality during my stay at his department and to Dr. Arturo Rosenblueth 
for his help in the preparation of this paper for publication. 
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In normal dogs large doses of carbon arc radiation produce a fall in blood pres- 
sure (1). This reduction cannot be explained 1:>3 T changes in blood volume (2) 
or in cardiac output (3), but is believed to be due to a decrease in peripheral re- 
sistance brought about by arteriolar dilatation (4). Many observers believe 
that histamine is set free in the irradiated tissues, absorbed and circulated, pro- 
ducing an extensive arteriolar dilatation which lowers the blood pressure (5). 
A correlation between an increased content of H-substance in the blood and a 
reduction in blood pressure following irradiation has been reported (6). 

In the absence of the adrenal glands there is a marked impairment of the ability 
to destroy or inactivate histamine, rendering an adrenalectomized animal many 
times more susceptible to the effects of histamine than a normal one (7, 8). 
This resistance to histamine can be restored to normal by the administration of 
adequate amounts of adrenal cortical substances (9). If the circulatory changes 
following carbon arc irradiation are due to the production or release of histamine, 
then such changes should be magnified in an animal possessing no adrenal cortex. 
To test this hypothesis, dogs were irradiated before and after bilateral adrenal- 
ectomy. 

Procedure. Adult dogs, ranging in weight from 7 to 14 kilos, were trained to 
lie quietly on a table for varying periods of time until no excitement was exhibited 
during blood pressure determinations, withdrawal of blood samples, or operation 
of the carbon arc lamp. When the period of training was completed, blood pres- 
sure, hematocrit, blood sugar, and plasma potassium values were determined until 
control levels were established. 

The auscultatory method of determining blood pressure was employed, the 
values being recorded from the hind limb. The source of radiation was an 
Eveready professional model carbon arc lamp, emitting 0.820 gram calorie per 
square centimeter per minute with a distribution of 5-G per cent ultraviolet, 29- 
31 per cent luminous, and G3-GG per cent infra red. The distance of the lamp 
from the animals and the time of exposure were so adjusted that all experiments 
were performed with a dosage of 40 gram calories per square centimeter. Ex- 

i Presented to the Graduate School of Tulane University on August 11, 1942 in partial 
fulfillment of the requirement for the degree of Doctor of Philosophy. 

: Aided by a grant from the Committee on Scientific Research of the American Medical 
Association to Prof. Henry Laurens. The National Carbon Company loaned the lamps 
and furnished the carbons. The Ciba Pharmaceutical Products, Inc. and ltoche-Organon, 
Inc. were generous in their gifts of desoxycorticosteronc acetate. Roche-Orgnnon, Inc. 
and the Upjohn Company gave ample supplies of adrenal cortical extract. 
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posures were made upon the abdominal region of the dog’s body after careful 
shaving and cleansing of the skin. 

The same general procedure was followed in all experiments. The dogs were 
brought into the laboratory early in the morning, shaved, and placed upon the 
table. The blood pressure was determined at fifteen minute intervals until two 
similar consecutive values were obtained. A blood sample was withdrawn, a 
final blood pressure reading made, and the animal then irradiated. After the ir- 
radiation blood pressure readings and blood samples were taken at one or two 
hour intervals throughout the day. After two or three control experiments, the 
dogs were doubly adrenalectomized, the operation being performed in two stages 
under aseptic conditions. The animals were maintained, after adrenalectomy, 
on desoxycorticosterone acetate (Ciba, Roclie-Organon) supplemented at times 
with adrenal cortical extract (Upjohn, Roche-Organon). Frequent determina- 
tions of the blood sugar and potassium as well as blood pressure were the criteria 
of adequate replacement therapy. After full recovery from the second operation 
had occurred, the irradiation experiments were repeated exactly as before. 

A total of twenty-nine control experiments were performed on eleven dogs. 
Thirty-eight experiments were repeated on six of these dogs after bilateral 
adrenalectomy. Twenty -nine experiments were performed on six control animals 
after the administration of “priming” doses of desoxycorticosterone acetate 
(D. C. A.) or adrenal cortical extract (A. C. E.). Two dogs which were used in 
the pretreatment experiments were made hypertensive by application of Gold- 
blatt clamps and again exposed to the carbon arc lamp before and after the ad- 
ministration of D. C. A. 

Results. Protocols of typical experiments are shown in table 1. In the 
control experiments (fig. 1 A) the blood pressure began to decline during the first 
hour following exposure of the animals to the carbon arc. The decline was 
progressive for six hours following irradiation with recovery gradually taking 
place after this time. There v r as a greater proportionate reduction and a more 
delayed return to normal in the diastolic than in the systolic pressure. 

After removal of one adrenal gland the blood pressure response was not ap- 
preciably altered from that seen in control experiments (fig. 1C). Following 
bilateral adrenalectomy, however, a profound increase in the effect of irradiation 
was produced (fig. ID). This mainly affected the diastolic pressure; the systolic 
readings when averaged were almost identical with the values obtained before 
removal of the adrenal glands. In the instance of the diastolic pressure the 
average maximal reduction of 23 per cent, occurring six hours after irradiation in 
the control animals, gave way to an average maximal reduction of 63 per cent 
occurring five hours after the exposure. In individual experiments the actual 
reduction of diastolic pressure was often greater than average, and in one instance 
the animal died thirty-two hours after the irradiation. In this case there was a 
progressive decrease in diastolic pressure to shock level, an absence of recovery 
as usually seen, and a failure of the systolic pressure to be maintained. The 
animal died exhibiting typical symptoms of shock. 

It vns observed during these experiments that in some instances the adrenal- 
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TABLE 1 


TIME 

BLOOD 

PRESSURE 

PULSE RATE 
PER MIN. 

HEMATOCRIT 

J BLOOD SUGAR 

PLASMA 

POTASSIUM 


Experiment 1. S/19. 

Control 




mm. Ilg 


Per cent 

mgm. per cent 

mgm. per cent 

9:00 a.m 

140/84 

6S 

34 

85.8 

20.6 

Irradiation fifty minutes with car 

bon arc at one meter 


11:00 a.m 

126/72 

, 76 

34 

SS.2 

21.2 

12:00 m 

118/68 

7S 

35 

SO. 4 

20.8 

1:30 p.m 

110/68 

76 

33 

84.8 

20.8 

2:30 p.m. 

108/60 

76 

32 

80.7 

19.8 

3:30 p.m.. .' 

108/62 

7S 

32 

SO.O 

21.6 

5:30 p.m.. 

122/6S 

72 

34 

86.7 

21.0 

24 hrs 

142/80 

70 

35 

S3. 4 

22.0 

Experiment 4. 

9/12. After pretreatment 


9:00 a.m. ; J 

146/78 j 

6G 

34 j 

88.6 

21.0 


Desoxycorticosteronc acetate, 20 mgm., administered intramuscularly. Irradiation 
fifty minutes with carbon arc at one meter 


11:00 a.m 

148/82 

70 

35 

S5.2 

19.8 

12:00 m 

148/76 

74 

34 

S6.0 

22.4 

1:00 p.m 

152/84 

78 

34 

86.4 

22.1 

3:00 p.m.. .• 

150/S0 

76 

36 

S8.0 

22.0 

5:00 p.m . .. 

150/84 

70 

35 

88.0 

21.7 

9:00 p.m 

148/80 

70 

34 ; 

S6.9 

19.4 

24 hrs 

148/82 

70 

34 1 

86.2 

20.9 


Experiment 8. 10/22. After unilateral adrenalectomy (10/7) ' 

9:00 a.m ..| 142/76 j 62 j 33 j SE9 | 21.7 

Irradiation fifty minutes with carbon arc at one meter 


11:00 a.m 

136/62 

6S 

34 

SO. 6 

21.4 

12:00 m.\ 

12S/56 

74 

34 

84.5 

20.6 

1:00 p.m 

116/50 

76 

33 

S6.3 

22.0 

2:00 p.m 

112/50 

76 

33 

84.0 

19.4 

3:00 p.m 

112/50 

74 

32 

80.1 

19.6 

4:00 p.m 

110/52 

74 

30 

SO.O 

20.4 

5:00 p.m 

112/56 

70 

30 

79.6 

20.4 

S:30 p.m 

118/64 

70 

32 

82. S 

22.8 

24 hrs 

14S/72 

66 1 

35 i 

86.4 

22.1 


Experiment 12. 12/27. After double adrenalectomy (12/1). D. C. A. discontinued 

48 hours 


9:00 a.m | 150/82 | 68 [ 41 | 7S.6 | 21.3 

Irradiation fifty minutes with carbon arc at one meter 


1 1 "00 a.m 

142/70 

72 

41 

78.2 

19.3 

12:00 m 

130/62 

S4 

3S 

82.9 

21.8 

1 *00 n.m 

122/42 

S6 

37 

84.4 

20.7 

9 • Of) n .m ... . 

116/28 

ss 

36 

70.7 

22.4 

SI* HO n m 

110/26 

96 

35 

79.3 

21.6 

4*00 n.m * 

10G/1S 

96 

35 

76. S 

19.5 


106/24 

84 ! 

36 

7S.5 

19.8 


118/52 

76 

38 

79.6 

21.2 

24 hrs 

144/86 

70 

3S 

S3. 2 

20.9 
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ectomized animals failed to show as great a reduction in blood pressure as the 
controls. This seemed to be correlated with the length of time elapsing between 
the administration of the maintenance dose of D. C. A. and the beginning of the 
experiment. Accordingly, it was found that when the animals received D. C. A. 
up to and including the day of the experiment no great reduction in blood pressure 



Fig. 1. Curves showing per cent change in blood pressure following carbon arc irradi- 
ation. Solid lines indicate systolic, dotted lines diastolic blood pressure. 

Fig. 2. Diastolic blood pressure following carbon arc irradiation. 1 , control; 2 , adrenal- 
cctomizcd, D. C. A. not discontinued; 3 , adrcnalectomized, D. C. A. discontinued 24 hrs.; 
4 , adrenalectomized, D. C. A. discontinued 4S hrs.; 5 , adrcnalectomized, D. C. A. discon- 
tinued 5 days; 6 , adrcnalectomized, D. C. A. discontinued 5 days, with 10 mgm. received 
on day of experiment. 

Fig. 3. Hematocrit changes following carbon arc irradiation. control, bilater- 

ally adrenalectomized, — O — O — pretreated animals. 

occurred. The alterations in blood pressure response to irradiation after with- 
holding the maintenance dose of D. C. A. for varying periods of time before the 
experiment are represented in figure 2. Symptoms of adrenal insufficiency did 
not appear in most instances until the chug had been discontinued for ten days to 
two weeks. These observations prompted the experiments on normal animals 
pre-treatecl with large doses of D. C. A. or A. C. E. before irradiation. The same 
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plan as outlined for the control experiments was followed. The irradiations were 
then repeated after the administration of D. C. A. or A. C. E. (fig. IB). Such a 
procedure prevented changes in both systolic and diastolic pressures by the 
action of the carbon arc. No attempt was made to determine the least amount or 
optimal dosage of the materials used to produce this effect. It was found that 
A. C. E. was as efficacious as D. C. A. provided it was administered on the day of 
the experiment; intravenous administration of the extract twelve hours before 
experimentation gave no protection to the animal. Intramuscular injection of 
D. C. A. from one to twelve hours before exposure to the carbon arc was effective 
in preventing the fall in blood pressure. 

In the experience of other workers, carbon arc irradiation has its greatest effect 
on blood pressures which are initially elevated above the upper limits of normal; 
for this reason two of the animals used in the experiments just described were 
made hypertensive. After the establishment of high blood pressures, these ani- 
mals were irradiated before and after the administration of D. C. A. The 
responses were essentially the same as those seen at the lower levels of blood 
pressure. 

Figure 3 represents a composite graph of hematocrit changes in all experi- 
ments. The dosage of carbon arc irradiation used produced in the normal animal 
a reduction in red cell concentration, commencing immediately following the 
exposure, and reaching, after four horn's, a maximum which was maintained for 
the next two hours. Recovery then began to take place and twenty-four hours 
later there was a normal or slightly higher than normal concentration of red blood 
corpuscles. After removal of both adrenal glands, the hematocrit determina- 
tions followed the same general course from hour to hour as in the control experi- 
ments, with no significant intensification of the decrease excepting some delay 
in recovery to the original values. A higher than initial reading was seldom 
seen in the adrenalectomized animals twenty-four hours after irradiation, 
whereas this was usually observed in the normal dog. In normal animals pre- 
treated with adrenal cortical substances there were no significant changes in 
hematocrit reading following irradiation. This was also true in adrenalectomized 
animals which were irradiated without a discontinuation of the D. C. A. 

Blood sugar and plasma potassium values showed no alterations that were not 
within the limits of normal physiological fluctuations. The blood sugar in many 
experiments tended to decrease during the period of maximal blood dilution as 
indicated by the hematocrit determinations. Fluctuations in plasma potassium 
followed no general trend and were not regarded as significant. 

Discussion. Direct evidence and studies which eliminate other factors have 
shown that the cause of the fall in blood pressure following carbon arc irradiation 
is a vasodilatation of the peripheral vessels. Tliis might be produced by reflex 
nervous mechanisms or by the action of a vasodilator substance. In the light of 
recent evidence, the protective action of both D. C. A. and A. C. E. in the normal 
as well as the adrenalectomized animals becomes significant in an analysis of this 
phenomenon. 

From the results obtained it is evident that absence of the adrenal glands 
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markedly increases the effect of carbon arc radiation on blood pressure. It 
should lie emphasized that the reduced pressure was not accompanied by any 
change in blood sugar or plasma potassium; the irradiation, therefore, did not 
produce a typical adrenal insufficiency crisis. These results are in agreement 
with the concept of Swingle and his co-workers (10, 11) who believe that the 
secretion of the adrenal cortex is in some way necessary for maintaining the 
normal ability of the periphery to cope with a vascular strain. Swingle et al. 
found that large doses of D. C. A. were effective in preventing the shock resulting 
in adrenalectomized dogs from muscle trauma, intraperitoneal injection of an 
isotonic solution of glucose, or the injection of large amounts of epinephrine. In 
contrast, no evidence of a protective action was found against the shock following 
intestinal stripping in these animals or the circulatory failure following one stage 
bilateral adrenalectomy. Adrenal cortical extract was effective in preventing 
shock following any of the procedures. Similar results were obtained by Selye 
et al. (12) with intact rats, and by Weil and associates (13) with normal rabbits. 
Swingle and co-workers subsequently showed that the circulation of dogs could be 
maintained with D. C. A., as well as with A. C. E., following one stage bilateral 
adrenalectomy provided that the operation was preceded by local blocking of the 
nerves in the operative field with procaine, by the use of spinal anesthesia, or by 
section of the spinal cord at the first thoracic vertebra. Spinal section also 
prevented the circulatory failure following intestinal stripping, and the blood 
pressure was well maintained by D. C. A. The results seem to indicate the 
participation of a nervous factor in the circulatory collapse resulting from the 
procedures. The difference in action of D. C. A. and A. C. E. under these 
circumstances has been ascribed to the inability of D. C. A. to maintain normal 
carbohydrate metabolism, resulting in a failure of the peripheral vasculature con- 
sequent to the intense reflex stimulation. The frequent occurrence of hypo- 
glycemia under these conditions and the finding that in all types of shock-induc- 
ing procedures employed the protective action of D. C. A. was diminished if the 
adrenalectomized animal had been maintained exclusively on D. C. A. for a long 
period of time have strengthened this point of view. In the present study, such 
an explanation for the prophylactic action of adrenal cortical compounds does 
not seem applicable. D. C. A. was just as effective as A. C. E. in maintaining 
the circulation in both adrenalectomized and normal dogs. In unprimed animals 
a hypoglycemia was not associated with the fall in blood pressure. 

In view of the complete protection afforded our animals by D. C. A. we do not 
believe a nervous factor or a disturbance in carbohydrate metabolism is involved. 
Katz (14) found that the shock produced by massive venous occlusion of the leg 
in dogs was prevented by pretreatment with D. C. A. In these experiments the 
rate of fluid loss from the blood stream was diminished by D. C. A., but the ulti- 
mate total loss of fluid was not appreciably changed. The protective action of 
D. C. A. in this instance could not be solely explained by its effect on loss of fluid. 
In our experiments, D. C. A. and A. C. E. afforded protection against blood 
pressure changes which appeared in the presence of a blood dilution rather than 
a hemoconcentration. 
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It has been suggested (2) that a decrease in the hydrostatic pressure within the 
blood vessels consequent to a vasodilatation is responsible for the blood dilution. 
The passage of fluid into the blood stream is insufficient to increase the blood 
volume enough to restore the blood pressure. This may be associated with a 
simultaneous increase in the capillary permeability allowing the escape of some 
of the plasma protein, thereby diminishing to some extent the exchange of fluid. 
That the adrenal cortical substances did not maintain the blood pressure by 
allowing a more complete compensation is shown by the close correlation between 
the hematocrit and blood pressure values. Both begin to decrease in the first 
hour after irradiation. Both maintain their maximum reductions for about the 
same time, and the recovery to normal begins almost simultaneously. In the 
absence of any blood pressure changes there are no significant changes in the 
hematocrit. Adrenal cortical extract and D. C. A. apparently prevent the 
initiating factor for such changes, i.e., vasodilatation. 

Much evidence has accumulated which indicates that carbon arc irradiation 
results in the production and release of a vasodilator substance from the ir- 
radiated tissues (5, G). The most probable explanation of the effect of D. C. A. 
and A. C. E. in these experiments seems to be the protection which such sub- 
stances are known to exert against the toxic manifestations of histamine. Cer- 
tainly, whatever substance is produced, it has one property in common with 
histamine: its action is intensified in the absence of the adrenal cortex and is 
diminished in the presence of excessive amounts of adrenal cortical substances. 
It may well be that we are dealing with a complex series of events in which the 
release, or production, and action of histamine comprise but one important and 
necessary step in the achievement of the end result. 

SUMMARY 

1. Irradiation of normal dogs with a carbon arc lamp, using a dosage of 40 
gram calories per square centimeter, produced a fall in blood pressure averaging 
1G per cent in systolic and 23 per cent in diastolic. After removal of both 
adrenal glands this reduction averaged 16 per cent for systolic and 63 per cent for 
diastolic. The fall in pressure could be prevented in normal animals and 
diminished or prevented in adrenaleetomized animals by the administration of 
D. C. A. or A. C. E. 

2. The red blood cell concentration was reduced by an average of 7 per cent 
following irradiation of the normal dog. After adrenalectomy irradiation reduced 
the red blood cell concentration by an average of 8 per cent. This reduction, like 
that of the blood pressure, could be prevented by the administration of adrenal 
cortical substances. 

3. No significant changes in blood sugar or plasma potassium concentration 
were encountered. 

4. It is suggested that the evidence presented further substantiates the view 
that a humoral mechanism is responsible for the reduction in blood pressure fob 
lowing exposure to the carbon arc lamp. 
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In the preparation of heparin it is essential to have available an adequate 
assay method for the determination of the anticoagulant activity of the various 
fractions obtained. The cat method of assay described by Howell (1) and used 
by Scott and Charles (2) has been of great value, but is limited in its application 
because of the variability of the results obtained with individual cats. The 
various factors that may influence the results have been enumerated by Scott 
and Charles (2). We have employed the cat method for assaying heparin 
preparations of varying degrees of activity and found that evaluation of an 
unknown in terms of the standard was very difficult. This difficulty is due 
principally to the fact that greater than one hundred per cent increases in 
heparin concentration are necessary to differentiate between clotted and fluid 
samples of cat blood. 

Because of these difficulties, methods have been described using beef (3) or 
horse (4) citrated or oxalated plasmas. In a stud\ r of titrated plasmas as clot- 
ting systems for the measurement of heparin activity, we have found that the 
best results can be obtained b} r the use of citi'ated sheep plasma. The purpose 
of this paper is to describe a sheep plasma method of relatively high sensitivity 
for comparing two or more heparin solutions, one of which can be taken as the 
standard. It has been suggested by Murray and Best (5) that the crystalline 
barium salt of heparin be assumed to contain 100 units per milligram and used 
as a standard. The homogeneity and therefore the constanc 3 r of anticoagulant 
activity of this material has been questioned (2, 6). It was subsequently sug- 
gested that the barium-free material be taken as a standard (7). Since this 
confusion exists relative to the choice of a standard we have decided to use the 
purified sodium salt of heparin put out b 3 r the Connaught Laboratories, in 
solution of 10 mgm. per cc. Several lots of this preparation checked against 
each other were found to have identical anticoagulant activity. The standard 
used for the experiments reported here was made from the two lots 86-1 and 87-1. 

Experimental. Whole cat blood, recalcified citrated beef plasma, horse 
plasma and sheep plasma 1 were studied for their suitability as coagulation S3 r s- 
tems in the assay of heparin. 

The cat method of assay. Two sodium salts were assayed by the cat method 
according to the procedure of Scott and Charles (2). In table 1 are given the 
results with five cats. Various dilutions of the heparin were made so that when 
0.3 cc. was placed in the tube and 0.7 cc. of blood added the assignment of the 
even whole numbers 100 to 600 could be made. Complete^ fluid samples are 

i We are indebted to Dr. David Klein of the Wilson Laboratories for supplying the sheep 
plasma. 

012 
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designated FI and completely clotted samples CL Samples which on inversion 
slowly ran down the sides of the tube, but were partially clotted, were designated 
FI?, and those that were mostly clotted but also could be made to run down 
the sides with a little fluid present were designated Cl?. The long range of 
questionable coagulation with the cat blood is apparent from the table. In 
some instances to go from a fluid to a clot a six-fold dilution of heparin was 
necessary. The difficulty of evaluating an unknown in terms of the standard 
by the cat method of assay is therefore obvious. This prompted an investiga- 
tion of plasma methods for the assa 3 r of heparin. 

Comparison of horse, beef and sheep plasma dotting systems. For use as a clot- 
ting system, the citrated plasmas of horse, beef and sheep have the definite 
advantage that they can be collected in quantity and stored in the frozen state 
until ready for use. An ideal plasma for use in the assay of heparin should have 
the following characteristics: First, the normal clotting time on recalcification 

TABLE 1 


The assay of sodium salt of heparin by the cat method 
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should be short, — not greater than three minutes; second, individual samples 
from the same species should give nearly the same clotting time and, third, there 
should be a sharp differentiation between clotted and fluid samples at increasing 
concentrations of heparin. Since normal clotting time did not vary for a period 
of one year when plasmas were stored at — 10°C., all samples were kept at 
this temperature. 

Of 50 individual samples of horse plasma winch were available to us, only 
two were found on recalcification to have clotting times of three minutes or less. 
The individual variation was very great and therefore the range of heparin 
concentration would be greatly different for each .batch of plasma. Beef and 
sheep plasmas have desirable coagulation times and show very slight individual 
variation. Three plasmas were compared with each other with respect to the 
amount of heparin necessary to cause transition from complete coagulability 
to complete fluidity. The results of these comparisons are graphically portrayed 
in figure 1. In each case the optimum amount of calcium chloride for recal- 
cification was found to be 0.1 cc. of a 2 per cent solution per cc. of plasma. After 
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addition of the desired quantity of heparin and 0.85 per cent saline solution to 
make a volume of 0.3 cc. in all tubes, 1 cc. of plasma -was added, the samples 
-were recalcified and the observations recorded at the end of one hour. At 
increments of 2 gamma of the standard sodium salt the inhibition of coagulation 
on recalcification was observed over a range of 4 to 60 gamma. It is apparent 
that recalcified sheep plasma is the best coagulation system for the quantitative 
measurement of the anticoagulant activity of unknown heparin preparations. 
An increase hi heparin concentration of 2 gamma produced complete transition 
from coagulation to fluidity. A sheep plasma method for assaying heparin was 
therefore set up in which unknown preparations were compared to the standard 
which was always run in parallel. 

The sheep plasma method of assay. Procedure: A series of standard tubes is 
set up containing 1.2, 1.4, 1.6, 1.8, 2.0 and 2.2 units of standard heparin with 



Fig. 1. The inhibition of coagulation of animal plasmas by addition of heparin is graphi- 
cally portrayed in the figure. Complete fluidity is represented by the clear areas, complete 
coagulation by the totally black areas and partial coagulation by the cross lines. 


the addition of 0.85 per cent sodium chloride solution so that the volume of 
solution in each tube is 0.3 cc. With most samples of sheep plasma the transi- 
tion from clot to fluid will occur at the center of this range. It was seldom 
found necessary to change this range with different sheep plasmas. The addi- 
tion of more tubes to include concentrations of 1 and 2.4 units may be found 
desirable. Similarly the unknown heparin solution is set up in a series of tubes 
covering a range of dosages estimated to be comparable to that of the standard. 
In case the approximate potency of the preparation to be tested is not known, 
it ma} 7 be necessary to run a preliminary assay to determine the range. 45° 
volume of the heparin solution in each of the unknown tubes is made up to 
0.3 cc. with 0.85 per cent NaCl solution. 

One cubic centimeter of citrated sheep plasma is added to each of the tubes. 
In order that the time factor may be kept constant between standard and un- 
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known tubes, all series arc arranged in ascending order of heparin content with 
the standard and unknown tubes in parallel rows. Working from left- to right, 
the 2 per cent calcium chloride solution (usually 0.1 cc.) is added from a micro- 
burette alternately to standard and unknown tubes. As each solution is calci- 
fied, the tube is immediately stoppered with a paraffined cork and mixed by 

TABLE 2 

Assay of the sodium sail of heparin 1S5-LBS-1 and of the crude preparation 110-LBS-I 

Slock solution of sodium Sail 185-LBS-} : 50 mgm. of powder dissolved in 0.85 per cent 
NaCl solution q.s. vol. = 50 cc. making 1 ingm./ce. 

Slock solution of crude heparin 110-LBS-l: 50 mgm. of powder dissolved in 0.85 per cent 
NaCl solution, q.s. vol. — 50 cc. making 1 mgm./cc. 

Standard heparin solution: 1000 units per cc. 



Turn: no. 

HEPARIN" 

SOLUTION 

0.85 

PER CENT 

AMOUNT 

or 
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\ | 

2 

PER CENT 
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Amount 

Oil. 

. 

XaCl 

HEPARIN 

_ ! 

C'nCI: 
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Standard heparin, 

i 

«. 

0.12 

1-100 

cc. 

0.18 

units 

1.2 

cc. I 

1 1 

CC, 

0.1 

Cl 

1000 units per cc. 

2 

0.14 

3-100 

0.16 

1.4 

1 1 

0.1 

Cl 


3 

0.10 


0.14 

3.0 

1 i 

0.1 

Cl 


4 

0.1S 

1-100 

0.12 

1.8 

i ; 

0.1 

FI 


5 

0.20 

1-100 

0.10 

2.0 

i ] 

0.1 

FI 


0 

0.22 

1-100 

o.os 

2.2 

! 

i | 

0.1 

FI 

Heparin Nn salt, 

7 

0.12 

1-10 

0.18 

mf.m. 

0.012 

{ 

i 

1 | 

0., 

Cl 

1S5-LBS-1 , 1 

8 

0.14 

1-10 

0.1G 

0.014 

1 : 

0.1 1 

Cl 

mgm./cc. 

0 

0.10 

1-10 

0.14 

0.016 

1 i 

0.1 ! 

FI 

10 

0.1S 

1-10 

0.12 

0.018 

1 j 

0.1 1 

FI 


11 

0.20 

1-10 

0.10 

0.020 

1 i 

o.i : 

FI 


12 

0.22 

1-10 

O.OS 

0.022 

1 i 

l 

0.1 j 

FI 

Crude heparin. 

13 

0.08 


0.22 

r:.c>n. i 

o.os : 

; 

i i 

0.1 ; 

Cl 

110-LBS-I, 1 

14 

0.10 


0.20 

0.10 

i 

0.1 i 

Cl 

mgm./cc. 

15 

0.12 


0.18 

0.12 

l 

0.1 

FI? 

16 

0.14 


0.16 

0.14 

i 

0.1 

FI 


17 

0.10 


0.14 

0.16 ! 

i 

0.1 : 

FI 


18 

0.1S 


0.12 

0.18 

i ; 

0.1 

FI 


Calculations: At the end of sixty minutes tube no. !) of the unknown Na salt series and 
tube no. 10 of the unknown crude heparin series matched tube no. 4 of the standard serie*. 
The Nn salt contains therefore, 1.8 units in 0.010 mgm. or 112.5 units per mgm., while the 
crude heparin contains 1.8 units in 0.14 mgm, or 12.0 units per mgm. 

inverting the tube three times. When not more than two unknown sene- are 
run in parallel with the standard, this operation requires approximately five 
minutes. 

After recalei lira lion the samples are allowed So stand at room temperature 
for one hour. At the end of this time they are examined for the extent of coagu- 
lation by inverting them, and the re-uks recorded. With sheep plasma, n-ually 
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no questionable samples are encountered and never have we had more than one 
for different batches of sheep plasma. In each series the minimum amount of 
heparin necessary to prevent clotting is determined and the potency of the 
unknown' solution is expressed in units of standard. 

Results. The procedure and calculations are illustrated in table 2 by a 
specific example in which the sodium salt 1 85-LBS-l and the crude preparation 
1I0-LBS-1 were assayed. 

In order to compare the values obtained by the sheep plasma method and the 
cat method, two crude heparins, two barium salts and two purified sodium salts 
of heparin were tested by both methods. The results obtained using seven cats 
for each preparation agreed well with those obtained by the use of sheep plasma. 
The sheep plasma method has been used in controlling the fractionation of 
heparin from beef lung (8), yielding further evidence for its applicability to 
preparations showing wide difference in purity. 

Discussion. By application of the sheep plasma method here described, the 
anticoagulant activity of unknown heparin preparations can be quickly deter- 
mined quantitatively. Since titrated sheep plasma has the property of form- 
ing a very firm clot in less than three minutes after recalcification, it is unneces- 
sary to add a thromboplastin solution as Macintosh (2) found necessaiy for 
hoi-se plasma. When unknown heparin preparations are compared against the 
same standard the results obtained with sheep plasma are quantitatively com- 
parable with those obtained by the cat method, provided several cats are used 
for each preparation. Thus, the principal advantage of the sheep plasma method 
lies in its simplicity and greater ease of operation. Comparative assays of the 
same preparations run independently by different individuals have yielded results 
which are reproducible within an error of not over 10 per cent. 

SUMMARY 

A method for assaying heparin has been described, based on the use of recalci- 
fied sheep plasma. Studies with horse, beef and sheep plasma indicated that 
sheep plasma is preferable because it gives a sharp end point with small incre- 
ments in heparin dosage. The results obtained with the sheep plasma method 
are comparable to those obtained by the cat method, provided several cats are 
used. The sheep plasma method is simple, rapid, and yields reproducible 
results. 
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Tlic course of recovery of reflex excitability after asphyxiating the spinal cord 
for various periods of time has been described before (1, 5). In the investiga- 
tions reported in these papers, reflex activity was examined with only the usual 
clinical methods. For instance, extensor tone, which is the form of reflex ac- 
tivity returning most frequently after asphyxiation, was judged by the resistance 
of the leg against flexion. In the present study extensor tone and one of the 
tendon reflexes (kneejerk) were examined with graphic methods. This makes 
it possible to follow changes in the excitability of these reflexes more accurately, 
but makes it impracticable to extend the period of observation beyond 3 to 4 
hours after cord asphyxiation. The changes in reflex excitability after that 
period are known from the aforementioned papers (1 , 5). 

Methods. The spinal cord was asphyxiated as described before (1) by forcing 
Ringer solution in the isolated caudal part of the dural cavity under a pressure 
higher than the blood pressure. The femur was fixed on a board with screws, 
and the movements of the lower leg, elicited by contractions of the quadriceps 
muscle, were recorded by means of trolleys and a lever on a slowly revolving 
smoked drum. The quadriceps tendon was tapped with an electric hammer (3) 
at regular intervals. This tapping served the twofold purpose of stimulating 
the stretch receptors in the quadriceps, thus eliciting the kneejerk and enhancing 
extensor tone, and also of counteracting friction in the recording system and in 
the kneejoint which might mask slight changes in tone. 

Action potentials, led off from the quadriceps with silver chloride plated silver 
wires, were amplified and recorded with a Mathews oscillograph. 

Extensor (one and kneejerk after cord asphyxiation. Surprisingly soon after 
asphyxiating the spinal cord for periods up to 05 minutes, a slight and fleeting 
extensor tone was observed. The first sign of this “initial” tone became visible 
4 to 16 minutes after asphyxiation was stopped. In a few minutes it reached 
a maximum, disappearing entirely 6 to IS minutes after its beginning (table 1, 
fig. 1A and B). The initial tone never became high and though it could be 
found with certainty in the curves, its detection by examining the resistance of 
the leg against flexion is difficult. This tone has been observed after periods of 
asphyxiation of the cord ranging from 15 to 05 minutes; after longer asphyxia- 
tions (75 to 85 min.) no initial tone developed. 

The initial tone was followed in all experiments by a period during which 
neither tone nor reflexes could be demonstrated (period- of areflexia), then reflex 

1 Tins investigation ivas supported in part by a grant from the Paralysis Trust, Los 
Angeles. 
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activity started again. In the G5 and 55 minute experiments, a renewed exten- 
sor tone was usually the only activity observed. This “secondary” tone began 
90 to 140 minutes after the end of asphyxiation (table 1 ) . It reached a maximum 

TABLE 1 

All the figures, except those in the first column, indicate periods after the end of asphyxi- 
ation (minutes). The figures after the plus sign in the column marked “Tone on renewed 
asphyxiation” have the following meaning. In the 75 and 85 minute experiments the 
only sign of recovery from asphyxiation was the extensor tone on renewed asphyxiation. 
The presence of this phenomenon was tested every 20 to 30 minutes. The figures in- 
dicate when it was observed for the last time. The “R” in the seventh column indicates 
that secondary tone remains for the entire period of observation (3 to 4 hrs.). 


duration of 
asphyxiation 

INITIAL TONE 

KNEEJERK. 

BEGINNING 

TONE ON 
RENE1VE D 
ASPHYXIATION 

SECONDARY TONE 

Start 

End 

Start 

End 

minutes 

minutes 

minutes 

minutes 


minutes 

minutes 

S5 




— 



85 




— 



85 




+ (90') 



75 




+ (60') 



75 




+ (140') 



75 




+ (120') 



65 




+ 

140 


Go 

14 



+ (ISO') 



65 

, 8 

20 


+ 

85 

HU- 

55 




+ 

■ 90 i 

R 

55 

12 

30 


+ 



55 

12 

28 

60 

+ 



45 



■■1 

■ 

+ 

210 

R 

45 

16 

22 

WEm 

+ 



45 

8 

IS 

mm 

+ 



35 . 

6 

12 

l 




35 

6 

14 

50 

+ 



35 



150 

+ 

100 

160 

25 

10 

24 

90 

+ 

120 

R 

25 

6 

IS 

50 


55 


25 



80 




15 

12 

20 

16 




15 

6 

14 

31 




15 

4 

10 

20 





in 15 to 30 minutes and disappeared again completely during the time of obser- 
vation in three out of four experiments. The secondary tone after these long 
periods of asphyxiation is much stronger than the initial tone, so strong in fact 
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that, the leg can often only be bent with difficulty. Figure 1 A shows the relation 
between the height of initial and secondary tone. It is known from previous 
work (1) that after the disappearance of this tone usually no further signs of 
reflex excitability of the cord are observed during the rest of the animal’s life. 
After the longest periods of asphyxiation (75 and 85 min.), no secondary tone 
developed. 

After the shorter periods of asphyxiation (15 to 45 min., and in one of the 55 
min. experiments), the first sign of reflex activity after the period of areflexia 
was the kneejerk which appeared 16 to 150 minutes after the end of asphyxiation 



Fig. 1A. Course of quadriceps tone after a 65 minute asphyxiation of the cord. The 
quadiiceps tendon is tapped every 2 minutes. The figures indicate the period after the 
end of asphyxiation in minutes. After about S minutes, initial tone develops which reaches 
a maximum after 12 to 14 minutes and disappears about 20 minutes after the end of asphyxi- 
ation. At 60 minutes the cord is subjected to a renewed asphyxiation of 20 seconds which 
results in strong extensor tone. After 85 minutes, secondary tone develops which, after 
reaching a maximum, disappears 150 minutes after the end of asphyxiation. The kymo- 
graph has been stopped for about 10 minutes at the maximum of secondary tone. 

Fig. IB. Tone and the kneejerk after 25 minutes of cord asphyxiation. The curve has to 
be read in the same way as 1A. Six minutes after the end of asphyxiation, initial tone 
develops which, after reaching a maximum, disappears IS minutes after asphyxiation. 
About 50 minutes after the end of asphyxiation, a small kneejerk can be elicited which, after 
a few minutes, is followed by the development of a slight secondary tone. After about 130 
minutes, this tone has disappeared again. 

(table 1). After the 35 and 45 minute asphyxiations, this tendon reflex remained 
small, at least during the 3 to 4 hour period of observation. After the shorter 
periods of asphyxiation (15 and 25 min.) this reflex increased very quickly 
(fig. IB). 

In some of the 35 and 45 minute experiments the development of the kneejerk 
was followed by the appearance of secondaiy tone. In a previous paper (1) 
a very pronounced extensor tone has been described after asphyxiations of these 
durations. However, it usually took longer than a few hours for this strong tone 
to develop and it is likely that in a number of the present experiments the period 
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of observation has not been long enough for the secondary tone to appear. It 
•was found previously (1) that this secondary tone was often temporary, like that 
in the 55 and 65 minute experiments; it not only took longer to develop, but it 
also remained longer (often 24-72 hrs.). In some experiments this high extensor 
tone remained for the rest of the animal’s life. 

In the 15 and 25 minute experiments the reflex excitability usually returned 
quickly to normalcy after the initial tone and period of areflexia. In the 25 
minute experiments a slight and fleeting secondary tone developed before the 
reflexes became normal (fig. IB). 

The effects of renewed asphyxiation of the cord. During the period of areflexia, 
extensor tone can be elicited by renewed asphyxiation of the cord. This tone 
develops and disappears within the course of a minute. If the intradural pres- 
sure is not prolonged any more than necessary to demonstrate this phenomenon, 
it can be repeated each 20 to 30 minutes without apparent effect on the course of 
reflex excitability after asphyxiation. When the cord was asphyxiated shortly 
after the disappearance of the initial tone, the extensor tone developed after 20 



Fig. 2. Extensor tone elicited by renewed asphyxiation during the period of areflexia 70 
minutes after the end of a 55 minute cord asphyxiation. Asphyxia is caused by clamping 
the trachea (at A). The clamp is released and artificial respiration is begun after the 
extensor tone has disappeared (at B ) . The renewed oxygenation causes again a short period 
of extensor tone. Respiration is visible as small spikes in the curve. Time in seconds. 

to 25 seconds and was not very strong. At the end of the period of areflexia, 
however, asphyxiation caused a very strong extensor tone which sometimes 
started as soon as 5 seconds after the renewed asphyxiation. The tone reached 
a maximum in a few seconds and disappeared 15 to 20 seconds after its beginning. 
Renewed asphyxiation had no effect before the development of the initial tone 
and after the disappearance of the secondary tone (in the 55 and 65 min. experi- 
ments). In all of the 75 minute and in one of the 85 minute experiments exten- 
sor tone was elicited by renewed asphyxiation of the cord, though neither initial 
nor secondary tone develops after these long periods of asphyxiation. The 
renewed asphyxiation was effective only for a limited period, which corresponded 
roughly with the period of areflexia in the 65 minute experiments (table 1)- 

In some of the experiments renewed oxygenation of the cord, by release of the 
short lasting pressure in the dural cavity, elicited a new period of tone. This is 
illustrated in the curve of figure 2 in which asphyxiation of the cord was effected 
by clampingthe trachea instead of by forcing Ringer solution into the dural cavity. 

The nature of the tone observed. A. Secondary lone. It has been found pre- 
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viously (1) that the extensor tone after asphyxiation, which now can be identified 
as secondary tone, can be decreased and sometimes even abolished by cutting 
the dorsal roots relevant to the muscles examined. From this result the conclu- 
sion was drawn that this tone is a reflex tone. The following study of the action 
potentials of the quadriceps muscle during the period of secondary tone supports 
this conclusion. 

With the first signs of secondaiy tone, small spikes of low frequency became 
visible in the electrogram. As the tone developed the frequency and size of the 
action potentials increased until at the maximum of tone large spikes of high 
frequency were led off from the muscle. When, as in the 55 and 65 minute 
experiments, the secondary tone disappeared again, the electrical activity di- 
minished and finally disappeared. 

With respect to the all-or-none relation, the growth of the spikes, as tone 
develops, can hardly be caused by a growth of the action potentials of the indi- 
vidual motor units, but is probably caused by an increase in the number of active 
units. When the tone is slight, only a few motor units will be active and the 
chances are that none of them is located in the immediate neighborhood of the 
leading-off electrodes. This accounts for the small action potentials usually 
found at this stage. As the tone increases, more units become active and the 
chances that one or more will be situated near the leading off electrodes become 
greater, resulting in an apparent growth of the action potentials. 

The electrical activity during secondary tone can be influenced by changing 
the length of the quadriceps muscle. During the first development of secondary 
tone, when hardly any electrical activity was present, spikes could be elicited by 
flexion of the knee, which stretches the quadriceps (fig. 3A). During a period of 
moderate tone and electrical activity, the frequency and size of the spikes could 
be greatly increased by the same stretch stimulus (fig. 3B). When in such ex- 
periments the stretch was stopped, a silent period occurred after which the mod- 
erate activity was resumed. Also, it was observed that during a period of con- 
siderable electrical activity, a relaxation of the muscle by extending the knee 
resulted in a temporary arrest of all action potentials (fig. 3C). 

These reactions of the action potentials on stretch and relaxation definitely 
characterize the secondary tone as a reflex tone, elicited by impulse;; from the 
stretch receptors in the muscle. 

Sometimes at the maximum of secondaiy tone, accompanied by great electrical 
activity, the influence of stretch and relaxation could not be demonstrated. It 
is likely that when the reflex activity of the cord is very high, other impulses 
than those elicited in the stretch receptors can reach the quadriceps motor 
neurons. Under these circumstances, little effect of changes in the muscle length 
can be expected. 

B. Initial tone'. Since the interval between the end of asphyxiation and the 
beginning of the initial tone is too short to sever the dorsal roots, this method 
cannot be used to establish the nature of this tone. The action potentials of 
the initial tone, however, can be investigated. 

With the first signs of initial tone, spikes appear in the electrogram which 
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grow in size and frequency with the increase of tone. A maximum is reached 
in a few minutes which is less pronounced than that during the maximum of 
secondary tone. Then tone and action potentials decrease and disappear en- 
tirely. 



Fig. 3. Effect of bending and stretching the knee on the action potentials of the quadri- 
ceps muscle during secondary and initial tone and during the extensor tone caused by 
renewed cord asphyxiation in the period of arefiexia. In each of the curves the beginning 
of flexion or extension of the knee is indicated by a dot. 

A. Seventy minutes after a 50 minute asphyxiation of the cord, when secondary tone 
begins to develop, flexion of the knee causes considerable electrical activity. B. Twenty 
minutes later spontaneous activity is greatly enhanced by bending the knee. This in- 
creased activity is followed by a silent period. C. Stretching of the knee stops spontaneous 
electrical activity. This curve is taken a few minutes after B. 

D. Eight minutes after a 50 minute cord asphyxiation, when initial tone starts to 
develop, flexion of the knee causes electrical activity. E. After 10 minutes, continuous 
electrical activity is present which can be stopped by stretching the knee. 

F, G, II, I. During the period of arefiexia, 110 minutes after a 50 minute cord asphyxi- 
ation, the spinal cord is subjected to renewed asphyxiation. F. Before asphyxiation 
flexion of the knee has the slightest effect on the electrogram. G, II, I are taken respec- 
tively 10, 18 and 30 seconds after the beginning of renewed asphyxiation. G and I show 
clearly the effect of bending the knee. II shows the great electrical activity at the. height 
of tone. Knee bending has only little effect at that time. 
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The same influence of stretching (fig. 3D) and relaxation (fig. 3E) as described 
for the action potentials of the secondaiy tone has been observed in the electro- 
gram of the initial tone. The initial tone thus can be considered as a reflex tone 
caused by impulses from the stretch receptors in the muscle. 

C. Tone caused by renewed cord asphyxiation. The electrogram of the quadri- 
ceps during the period between initial and secondary tone did not show any 
activity. However, at the end of this period stretch of the quadriceps caused in 
some animals a few small spikes. The strong tone elicited by renewed cord 
asphyxiation during the period of areflexia was accompanied by the development 
and subsequent disappearance of large action potentials of high frequency. In 
some experiments a distinct influence of stretching the quadriceps muscle could 
be found during the renewed asphyxiation. This is shown in the curves F, G, 
Ii, I, of figure 3. Before the renewed asplyxiation, the stretch stimulus had a 
just visible effect (fig. 3F). This effect had greatly increased 10 seconds after 
the beginning of the renewed asphyxiation (fig. 3G). The maximum of electrical 
activity was reached in about IS seconds after asphyxiation. Stretching the 
muscle had only little effect at this stage (fig. 3H). After the decline of the 
action potentials, however, stretch of the muscle again elicited spikes (fig. 31 
taken 30 sec. after the beginning of asphyxia). In many experiments the influ- 
ence of stretch on the action potentials has been less distinct. It can be con- 
cluded, however, that the tone elicited by renewed asphyxiation also has the 
character of a reflex tone. 

Tone during renewed cord asphyxiation was not prevented by transection of 
the dorsal roots supplying the leg. In these experiments the renewed asphyxia- 
tion had to be carried out by clamping the trachea since the spinal canal had been 
opened to sever the roots. It is likely that when the reflex excitability of the 
cord becomes high enough, the sensory influx from the heterolatcral side and 
from other segment levels is sufficient to produce quadriceps contraction. 

Discussion. One of the features of the reflex activity after 55 and 65 minute 
asphyxiation is that it returns temporarily (1). After the often high secondary 
tone has disappeared, no reflexes or pronounced tone are observed during the 
rest of the animal’s life. This temporary return of reflex activity has been 
explained by the assumption that the nervous elements, though being able to 
function after the asphyxiation, are damaged so severely that they will eventually 
be totally destroyed. This view is substantiated by metabolic and histologic 
studies of the cord at various intervals after a 60 minute asphyxiation (2). The 
first hours after asphyxiation the metabolism of the cord was of almost normal 
intensity, and the nerve cells showed a normal picture. After a few hours, 
however, the metabolism decreased and the nerve cells showed changes which, 
in the next 4S hours, resulted in their total disappearance. 

The great height of the secondary tone has been explained by the assumption 
that the inhibitory structures in the cord are more readily damaged by asphyxia- 
tion than the excitatory ones (1). This would result in a disbalance of their 
respective functions and thus cause an increased reflex excitability of the cord 
manifest in the high extensor tone. The conception of the high secondary tone 
as a release phenomenon was based on the observation that it sometimes (es- 



624 


A. VAX HARREVELD 


pecially after 35 min. asphyxiation) remained for the rest of the animal’s life 
(several weeks). 

The following explanations are offered for the course of tone after asphyxia- 
tion. The presence of an initial reflex tone 4 to 16 minutes after the end of a 
55 to 65 minute asphyxiation shows that synaptic conduction recovers very 
quickly. It is hardly likely that synaptic conduction, once it has recovered, 
becomes impossible during the period of areflexia to awaken again during the 
secondary tone. It is much more likely that synaptic conduction is potentially 
possible from the beginning of the initial tone until the end of secondary tone, 
but is depressed during the period of areflexia. This depression may be due to 
the recovery of inhibitory structures in the cord. The appearance and dis- 
appearance of initial tone then is caused by a slight difference in the time of 
recovery of the excitatory and inhibitory structures in the cord. Thus for a 
few minutes the excitatory stmctures are unopposed by inhibition, which results 
in initial tone. During the period of areflexia the inhibitory stmctures become 
so active that a suppression of all reflex activity results. This explanation of 
the period of areflexia is supported by the observation that reflex activity can be 
reestablished during this period by renewed asphyxiation of the cord. The 
renewed asphyxiation would depress the activity of the inhibitory structures 
before abolishing synaptic conduction, resulting in reflex tone of short duration. 
When the cord recovers from the renewed asphyxiation, synaptic conduction 
may recover before the functioning of the inhibitory stmctures, resulting also 
in a short period of tone (fig. 2). 

The development of secondary tone begins when the inhibitory structures in 
the cord, which are more sensitive to oxygen lack, are being destroyed as a be- 
lated effect of the asphyxiation, thereby leaving the excitatory functions unop- 
posed. This results in the high secondary tone. When a short while later the 
excitatoiy structures also are destroyed the secondary tone disappears, not to 
return for the rest of the animal’s life. 

A similar explanation can be given for the course of reflex excitability after 
45 and 35 minutes’ asphyxiation. 

It is possible, however, that the depression of the reflex excitability between 
initial and secondary tone is not due to a recovery of the inhibitory structures 
in the cord, but is caused by a depression in the excitability of the asphyxiated 
nervous elements. This possibility is suggested by Lehmann’s (4) observation 
of changes in excitability of excised peripheral nerves after asphyxiation. H e 
found that after a 15 minute asphyxiation the nerve excitability, after an initial 
recovery, decreases again for a period of about 30 minutes. If it is assumed that 
similar changes in excitability develop under the conditions of the present experi- 
ments in the nervous elements in the cord, this could account for the depression 
reflex excitability between initial and secondary tone. An explanation of the 
tone on renewed asphyxiation of the cord during the period of areflexia is, m 
view of these considerations, not directly obvious. 

I am indebted to Mrs. J. Wiersma, Mr. C. H. Ellis and Mr. E. B. Wright for 
valuable assistance. 
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SUMMARY 

1. Five to 15 minutes after the end of a 15 to 65 minute asphyxiation of the 
spinal cord, a slight extensor tone develops which, after reaching a maximum, 
disappears within 30 minutes after asphyxiation (initial tone). 

2. The initial tone is followed bj r a period in which neither tone nor other 
forms of reflex activity are present (period of areflexia). Extensor tone can be 
elicited during this period by renewed asphyxiation of the cord. 

3. In the 65 and 55 minute experiments, a high extensor tone develops after 
the period of areflexia. This secondary tone is temporaiy and disappears after 
a few hours. In the 45 and 35 minute experiments, tendon reflexes develop 
after the period of areflexia, followed by secondary tone. The secondary tone 
is usually temporaiy in these experiments also, but sometimes remains for the 
rest of the animal’s life. In the 25 and 15 minute experiments, the period of 
areflexia is followed by the development of tendon reflexes and usually the return 
to normal reflex excitability. 

4. It has been possible to prove the reflex nature of initial and secondary tone 
and of the extensor tone elicited during the period of areflexia by renewed asphyx- 
iation of the cord. 
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Methods for preparing enterocrinin and roughly estimating the amount present 
in intestinal extracts have been described in a previous paper (Nasset, 1938). 
The very erratic behaviour of the intestine is quite eommonty known among 
those who have worked with it. The secretory response to intravenous injec- 
tions of the intestinal hormone, enterocrinin, is no exception; indeed the varia- 
bility is such as to make very difficult the quantitative determination of enter- 
ocrinin potency by any of the types of assay procedures ordinarily used for 
quick acting hormones and drugs. Since the availability of an accurate and 
reasonably rapid method of assay is extremely important in any attempt to 
isolate a physiologically active substance, the intestinal response to enterocrinin 
was subjected to a rather exhaustive studjr. The method of assay developed 
from this study and described below does not differ in fundamental principles 
from that described earlier, but various refinements in the procedure have 
greatly increased the accuracy obtainable with a limited number of assays. 

Methods. Anesthetized 3 and dewormed dogs weighing about 20 kgm. were 
used for all assays. Two adjacent 15 cm. loops of the jejunum were isolated just 
below the ligament of Treitz and flushed out with warm isotonic saline. Close- 
wound aluminum wire coils with glass cannulae taped to both ends were inserted 
as gently as possible and the loops securely tied to the taped ends of the coils. 
The loops, supported outside of the abdomen, were maintained in good condition 
with a moist chamber similar to that described by Nasset and Parry (1934). 

A thermocouple was inserted into the lumen of one loop through a T-cannula, 
one end of each loop connected to a drain flask, and the other end connected to 
reservoir and drop recorder system such as that shown in figure 1. All air was 
flushed out of the loops by warm saline from reservoir C, the drain tubes closed, 
reservoir D filled with saline, and A and D connected. The reservoir system was 
lowered until the dropper E was about 10 cm. below the level of the loops and 
allowed at least thirty minutes to come to equilibrium. The platinum foil 
electrodes F were placed in series with a 100-watt lamp and an ordinary kymo- 
graph signal magnet in a 110 volt D.C. circuit to function as a very simple but 
extremely efficient drop recorder capable of recording almost any rate of flow 
short of a steady stream. 

1 This investigation was supported in part by grants from the Parke, Davis Co. and the 
Committee for Research in Endocrinology of the National Research Council. 

2 The data in this paper are taken from a thesis presented by R . M. Fink to the Graduate 
School, University of Rochester, in partial fulfillment of the requirements for the degree, 
Doctor of Philosophy. 

3 Dial-Urethane, kindly supplied by the Ciba Pharmaceutical Co. 
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The carotid artery was cannulated and connected to a recording blood pressure 
manometer. A femoral vein was cannulated and attached to a saline-filled 
burette to facilitate the injection of hormone preparations. 



Fig. 1 Fig. 2 

Fig. 1. A — connection to loop; B — 3-way stopcock, 4 mm. bore; C — 200 ml. saline re- 
servoir; D — 75 ml. reservoir; E — dropper, delivers 33 to 34 drops/ml.; F — heavy platinum 
foil electrodes. 

Fig. 2. Curve of response to enterocrinin 

If it was desired to estimate the amount of secretin in the preparations to be 
assayed, the major pancreatic duct was cannulated and attached to a drop re- 
corder before the intestinal loops were isolated. 

The temperature of the abdominal chamber was adjusted by means of a rheo- 
stat to maintain a loop temperature of about 38°C. 
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The level of the droppers was adjusted until a low rate of apparent secretion 
(2 drops /min., or less) was obtained from both loops (the two droppers being 
always moved together, so that the loops were under equal negative pressures). 
After allowing the loops about five minutes to adjust themselves to the new pres- 
sure, the kymograph was started and this basal, or control, rate recorded for at 
least five minutes. An injection of a standard enterocrinin preparation was then 
made and the kymograph recording continued for at least five minutes longer 
than the period, p, required for the rate of seci-etion to return to a basal rate in 
both loops (usually 15 min. was sufficient). An amount of an unknown prepara- 
tion estimated to be equivalent to the standard injection was then administered. 
After the secretory rate had again returned to a basal rate and remained there for 
at least five minutes, a second standard injection was made and the recording 
continued as before. This group of three injections comprised the basic assay 
unit. The number of drops in the five-minute period preceding each injection 
was recorded as a control, C, value, and the number of drops obtained between 
the time of an injection and the beginning of the next control period was recorded 
as total, T, value. Each unit assay, then, involved the recording of 7 values for 
each of the two loops, as follows: 1, control; 2, total for standard; 3, control; 4, 
total for “unknown”; 5, control; 6, total for standard; 7, control. "When a T 
value referred to a ten minute period, the sum of the previous and the subsequent 
C values was subtracted from it in order to determine the net response, A r , to the 
injection. When the period was greater than ten minutes the sum of the C 
values was multiplied by an appropriate factor before subtracting. That is: 

N = T - (C. + c,)Z 

where A r is the net response to an injection, T is the total number of drops in the 
period following the injection, C i and C 2 are the previous and subsequent five- 
minute control values, and p is the period (in minutes) used in determining T. 
The net response to the unknown preparation was then divided by the average of 
the net responses to the previous and subsequent standard injections, and the 
quotient multiplied by 100 to give the response to the unknown as a percentage 
of the standard responses used, giving each standard a weight in inverse propor- 
tion to the interval between it and the unknown injection, as follows: 

R = 100 Nu + Z 2 ) 

Nsi Z 2 -f- Ns* Z\ 

where R is the per cent response of the unknown in terms of the standard, A w, 
Nsi and A r $ 2 are the net responses to the unknown and the previous and subse- 
quent standards, respectively, Z\ is the time interval between the injection of the 
previous standard and the injection of the unknown, and Z 2 is the interval 
between the injection of the unknown and the injection of the subsequent 

standard. . 

This method of comparing two preparations is called the “double control, 

double standard” method, and it, more than any other single factor, is to be 
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credited with making the highly variable intestinal response yield accurate and 
reproducible assay results. The method estimates the “expected” control value 
during the period in which an injection is acting, and the “expected” standard 
response during the period in which an “unknown” injection is acting, by assum- 
ing that the basal rate and the responsiveness to enterocrinin remain constant or 
increase or decrease at a uniform rate over the periods involved. In a number of 
tests, the assumption has been found to be sufficiently valid to make the “double 
control, double standard” method of comparison highly superior to any other 
method tried. 


If 


the average net response to the standard 


I\ T Si + iVs 2 

_ — 


is approximately 10 


drops, the enterocrinin curve of response (fig. 2) is entered through the ordinate 
with the value of R as determined above, and the corresponding per cent injec- 
tion (I) value read off on the abscissa. This figure is an estimate of the amount 
of enterocrinin in the dose of unknown expressed as a percentage of that present 
in the standard dose. When the average net response to the standard differs 
considerabty from 10 drops, the curve of response is entered twice, once at the 
ordinate equal to ten times the average net response to the standard, and again 
at the ordinate equal to ten times the net response to the unknown injection 
(10 Nu). The corresponding abscissa values in this case relate both the stand- 
ard and the unknown to the point (100, 100) on the curve, and the value of I is 
found by dividing the abscissa value for the unknown by r that for the standard 
and multiplying by 100. Since a large portion of the central part of the curve 
closety approximates a straight line this method is used only when the standard 
response is very large or very small. 

The curve of response is an average constructed from data collected during 
routine enterocrinin assays on more than fifty dogs. All series of graded doses of 
a single preparation given to the same dog in a short time were assembled, the 
response, in each series nearest to ten drops (0.3 cc.) was taken as 100 per cent 
response, and the corresponding dose taken as 100 per cent injection. The rest 
of the values in each series were expressed in terms of this fixed point, and in this 
manner over 300 points were obtained for the curve, about 100 of which were 
arbitrarily fixed at the point (100, 100). The extremities of the average curve 
may differ widely from the curves of response for individual dogs, but the varia- 
tion becomes much less as the point (100, 100) is approached since all individual 
curves meet at that point and vary only in slope and linearity. In order to facili- 
tate reproduction, the following empirical equations for the average curve were 
derived: 


(A) 

R = 

(0.191 1 - 0.9) 1 ' 50 

(B) 

R = 

1 

0 141S j°- 5E5+3 - 34/ '- 10 ~ i 


(A) gives a very good fit from the point (35, 15) to the point (200, 315), while (B) 
gives a fairly good fit over the whole range up to the point (1000, 1S40). Obvi- 
ously, no physiological significance can be attached to such equations. 
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The per cent potency, P, of the unknown as compared with the standard was 
calculated by averaging the I values as determined for the two loops, dividing 
this average by the dose of unknown in milligrams (Du) and multiplying by the 
dose of standard in milligrams (Ds); i.e., 

p _ (Iu + 1\)D S 
2 Du 

where /„ and Ij refer to the I values from the upper and lower jejunal loops, re- 
spectively. 

Either the average I values or P was used to calculate a dose of unknown 
which should equal the activity of the standard dose. If the responses were still 
considerabl 3 r different in the second assay of the unknown, the results of this 
assay were used to calculate a third dose of unknown, and so on until two values 
of P checked within ±10 per cent. Ordinarily, such a check may be obtained 
with three assays of a previous^ untested preparation. 

When a number of unknown preparations are to be assayed against the same 
standard, the unknowns are assayed alternately in order to permit the assays to 
proceed while subsequent doses are being calculated. In this way n assays may 
be carried out using n + 1 doses of the standard and usually at the rate of about 
two assays per hour. The dose of standard may be varied to keep the response 
within workable limits without breaking the chain of alternate standard and un- 
known injections. In this case P is calculated from the previous and subsequent 
standard responses individually and the values so obtained are then averaged. 

Inasmuch as enterocrinin has not as yet been prepared in a pure state and no 
large stock of a stable standard preparation is available for distribution, it was 
desired to relate the expression of potency to the absolute value of the physiologi- 
cal response. This was accomplished by setting one preparation aside as a “per- 
manent standard” and testing it occasionally in the animals used for routine 
assays. After each test the average curve of response was used in estimating the 
amount of the preparation required to elicit the “threshold response” of 10 drops 
(0.3 cc.) over the basal rate (calculated from the previous and subsequent control 
values, as described above). The mean “threshold dose” ( T.D .) of the “perma- 
nent standard”, as determined from 42 such tests in 11 dogs, was 52 mgm., with 
the probable error of the mean (P.E M .) being ± 4 mgm. The preparation 
showed no evidence of instability during the 12-montli period covered by the 
tests. The stability was further verified by the fact that the coefficient of corre- 
lation, r, between the various values of the T.D., and the age of the preparation 
at the time the values were determined, was only -f 0.02, P.E. r ±0.10. Any 
serious decrease in potency should have resulted in a significant, positive value 
of r. The preparation was stored over CaCl 2 at atmospheric pressure. Highly 
purified preparations were found to be much less stable. 

Unknown preparations were assayed against the permanent standard, and 
their threshold doses determined as follows: 

T.D.s X P 


T.D.u = 


100 
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where T.D.u and T.D.s are the threshold doses of the unknown and the standard, 
respectively. These preparations could then be used as temporary, or assay, 
standards for assigning T.D. values to other preparations. 

The question as to whether the dose should be expressed in terms of the ani- 
mal’s body weight (e.g., as mgm./kgm.) was settled statistically as shown in 
table 1. The statistics shown involve all the data available on one preparation. 
The term dose • Wt. -1 - 0 refers to the dose expressed as mgm./kgm. of body 
weight, while the term dose • Wt. 00 refers to the dose expressed in milligrams, 
without reference to body weight. The weight enters to varying degrees in the 
other terms. Inasmuch as the odds are about 14,000 to 1 against a difference 
such as that between the first and fourth r values occurring by chance (P — 
0.00007), the expression of the dose without reference to body weight is clearly 
preferable. The correlation ratios show the same trend as the correlation coeffi- 
cients, and incidentally prove that the curve of response to enterocr inin is 
significantly non-linear. Analyses similar to the above showed that the dose of 
secretin is likewise best expressed without reference to body weight, while the dose 


. TABLE 1 

Correlation of the net response with the dose expressed in various ways 
(Number of paired observations, 160; number of dogs, 9; weight range, 13 to 30 kgm.) 


A' 

r . - i 

r XV 

Net (drops) 

Dose • Wt. -1,0 

+0.24 

Net (drops) 

Dose • Wt. - - 67 

+0.34 

+0.42 

Net (drops) 

Dose • Wt.-- 33 

Net (drops) 

Dose • Wt. 8 - 0 

+0.45 

Net (drops) 

Dose • Wt+-» 

+0.3S 



of the vasodilatins present in intestinal extracts should be related to body weight 
(e.g., as mgm./kgm.). 

Discussion. The highly corrected and controlled method of assay described 
above was made necessary by the high degree of variability of the intestinal 
secretory response. The description of the method seems rather involved, but 
in practice it is really quite workable, requiring little more time and material than 
a number of less precise assay schemes in use. 

The “double control, double standard” procedure has been found quite useful 
in the assay of secretin and vasodilatins, though in these instances it is not so 
important as in the case of enterocrinin, for the variations in responsiveness are 
neither so marked nor so rapid. The method is believed to be worthy of consid- 
eration for many procedures where period to period variations in responsiveness 
are encountered. 

Although the statistical analysis showed that it was better not to base the dose 
of enterocrinin upon the weight of the dog being used, certain theoretical con- 
siderations make it appear probable that the response to a given amount of a 
preparation is not completely unrelated to the body weight, and it is for this 
reason that a reasonable effort is made to keep the weight near a standard value 
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of about 20 kgm. This question is purely academic as far as accurate comparison 
of standard and unknown preparations is concerned, but it is important in estab- 
lishing absolute, or permanent standards. 

Yasodilatins have relatively little effect upon the assay results. The secretory 
response to a powerful vasodilatin injection comes almost immediately as a short 
spurt of secretion and is followed by a period in which the basal rate is reduced, 
so that these two periods nearly cancel. For very accurate assays of strongly 
vasodilatorv preparations, the enteroerinin part of the preparation may be inacti- 
vated b.y treatment with alkali, injected before and after the injection of the 
active preparation, and the previous and subsequent periods treated as control 
values. 

The parallelism of enzyme and volume responses reported by Xasset and Pierce 
(1935) has been confirmed using highly potent enteroerinin preparations. The 
enzyme response tends to return to a basal level more slowly than the volume 
response, particularly when large doses are given. In one series that was ana- 
lyzed statistically, the coefficient of correlation between the volume and the in- 
vertase responses was +0.84, between volume and phosphatase +0.S2, and 
between invertase and phosphatase +0.99. 

SUMMARY 

A detailed procedure is given for the bioassay of enteroerinin, the hormone 
which excites the secretory glands of the intestine. The principal feature of the 
method, which permits accurate and reproducible results to be obtained quickly 
from the highly variable intestinal secretory response, is its precise treatment of 
the time factor in the normal variations in responsiveness. The general proce- 
dure outlined may well be of value in increasing the accuracy and practicability 
of other types of bio assays. 

An average curve of response to enteroerinin is used to assist in equilibrating 
the responses to the standard and the “unknown” preparations. 

A statistical analysis of data on 9 dogs shows a closer dose : response correlation 
when the dose of enteroerinin is given without reference to the weight of the dog 
than when it is given on a per kilo weight basis. Secretin, likewise, was found to 
give more uniform responses in different dogs if the same dose were given, regard- 
less of body weight, while the vasodilatins present in intestinal extracts are best 
expressed on a per kilo basis. 
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Methods of preparing enterocrinin and testing for its presence in intestinal 
extracts have been described in a previous paper (Nasset, 1938). A description 
of an accurate and rapid method for assaying the hormone is given in the ac- 
companying paper. Since there have been some changes made in the basic 
fractionation procedure along with the addition of new steps, the improved 
methods that are now in use will be described in full. 

The small intestines of hogs (or dogs or cattle) were removed immediately 
after death of the animals, turned inside out, washed rapidly in water, and ex- 
tracted with 87 per cent alcohol containing 3.3 cc. of concentrated HC1 per liter 
(3 l./kgm.-of tissue). The extraction was continued for 72 hours, with occa- 
sional stirring, at. about 5°C. The alcohol solution (fraction 2) was decanted, 
allowed to settle, and the supernatant concentrated to f its volume under reduced 
pressure at about 40°C. (A “foam-head still” was a great help in this step.) 
NaCl (300 grams/liter) was dissolved in the crude water solution (fraction 4) 
while it was still warm, and the mixture set in the cold room overnight. The 
precipitate was filtered off and removed from the filter while still damp. It was 
then pressed or pounded between successive layers of filter paper, until no more 
moisture could be expressed. (This step usually removed the major portion of 
the vasodilatins.) The precipitate was further dried in vacuo. The dry prep- 
aration was shaken with glacial acetic acid (10 cc./gram) for about three hours 
and then with 5 cc./gram for about one hour. The preparation was precipitated 
from the acetic acid solution by addition of 4 volumes of an ether mixture (3 parts 
ethyl, 1 part petroleum), washed twice with ether and once with acetone and 
dried in vacuo. The dry product (fraction 10) was extracted twice with acetic 
acid (15 cc./gram) and reprecipitated, washed, and dried as above. The dry, 
white powder (fraction 14) was shaken for several hours with methyl cellosolve 
(0.07 cc./mgm.), one-half volume of ethyl ether added very slowly with stirring, 
the mixture covered to prevent evaporation, allowed to stand about an hour at 
room temperature, and then centrifuged. The precipitate was discarded and to 
the supernatant was added 2h volumes of ethyl ether and one volume of petro- 
leum ether (both based on the original volume of methyl cellosolve used). The 
mixture was allowed to stand several hours in the cold, centrifuged, and the 
precipitate (fraction 18) washed and dried as above. Fraction 18 was dissolved 

1 This investigation was supported in part by grants from the Parke, Davis Co. and the 
Committee for Research in Endocrinology of the National Research Council. 

2 The data in this paper are takenf rom a thesis presented by R. M. Fink to the Graduate 
School, University of Rochester, in partial fulfillment of the requirements for the degree, 
Doctor of Philosophy. 
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in propylene glycol (0.1 cc./mgm.), 8 to 10 volumes of acetone added slowly, with 
stirring, placed in the cold room overnight, centrifuged, and the precipitate 
(fraction 20) washed three times with acetone and dried in vacuo. The fractiona- 
tion from acetic acid, methyl cellosolve, and propylene glycol maybe repeated, 
if desired, with little loss of active material. Fraction 20 was dissolved in water 
(0.02 cc./mgm.), and 14 vols. of a saturated water solution of picric acid added 
slowly. The mixture was set in the cold room for 24 to 72 hours and then 
centrifuged. The precipitate was shaken with two volumes of acetone (this and 
all further volumes to be based on the original volume of water used with fraction 
20), the insoluble residue dried in vacuo, and then extracted three times with 
two-volume portions of hot water (about 90°C.). The combined water extracts 
were evaporated to dryness in vacuo, the residue extracted with two volumes of 
warm glacial acetic acid (about 60°C.), the insoluble residue discarded, and the 
solution allowed to cool to about room temperature. The yellow picrate may be 
reprecipitated at this point by addition of ether, but there is usually little ad- 
vantage in doing so. HC1 gas was bubbled through the acetic acid solution of 
the picrate until the yellow color disappeared, and eight volumes of ether added. 
The mixture was set in the cold for several hours, centrifuged, and the precipitate 
(fraction 30) washed with ether containing HC1 gas, with ether alone, and with 
acetone. It was then dried in vacuo and stored over CaCl 2 either in vacuo or in 
an atmosphere of nitrogen. 

In general, each of these steps was first thorough/y studied individually and 
then worked into the regular procedure at the most suitable point, conditions 
being selected with an eye to maintaining a reasonably good recovery of 
the enterocrinin during the process of purification. 

The products obtained by the procedure as outlined above are not strictly 
uniform, tenfold differences in potency being not uncommon. Aside from the 
variability in the raw material, the salting-out procedure is the most wasteful 
and unreliable step, but no other procedure or combination of procedures has 
been found which will satisfactorily carry out its functions. 

Figure 1 shows the assay results for the principal fractions of a dog gut prep- 
aration. It will be noted that up to fraction 14 the procedure was a better prep- 
aration of secretin and vasodilatin than of enterocrinin. The last three steps, 
however, greatly increased the enterocrinin potency, with relatively small 
losses, and at the same time removed all but 1 per cent of the secretin and reduced 
the vasodilatin content to a point where it was not detectable even with doses 
many times those required for the enterocrinin assay. The threshold dose s of 
the preparation was reduced from 12 mgm. (fraction 2) to 36 micrograms (frac- 
tion 30). 

In addition to the data given, all the discarded fractions were worked up and 
assaved, and about 80 per cent of the original enterocrinin activity accounted for. 

In this preparation about 70 per cent of the enterocrinin was lost during the 

3 The threshold dose of an enterocrinin preparation may be defined as the dose required 
to elicit 10 drops (0.3 cc.) of extra intestinal secretion from an average dog under strictly 
specified conditions. (See accompanying paper.) 
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salting-out step while comparativefy little secretin or vasodilatin was removed. 
In the next dog gut preparation, however, this step lost about the same amount 
of enterocrinin, but removed 9S per cent of the secretin and all the vasodilatins. 
The usual result lies somewhere between these two extremes. Similar variation 
is encountered in hog gut preparations, but there the final potency achieved is 



Enterocrinin Secretin Varsoc/i/artins 


Fig. 1. Fractionation of an enterocrinin preparation. The open bars and the figures at 
the right indicate the percentage recovery in each of the fractions, of the three physiologi- 
cally active substances named at the bottom of the groups, with the amount of each in 
fraction 2 taken as 100 per cent. The solid bars and the figures at the left represent the 
per cent potency of the three substances in each fraction, with their potency in fraction 2 
taken as 100 per cent. The numeral below each pair of bars refers to the number of the 
fraction as given in the description of the fractionation procedure. 

only about to T V °f that obtainable from dog gut and the weight of the final 
fraction is proportionately larger (about 100 to 500 mgm. from 20 hog small 
intestines). 

A number of other fractionation procedures have shown promise but have not 
been sufficiently studied to justify their incorporation into the regular procedure. 
Among this group are dialysis, electrophoresis, chromatographic adsorption, and 
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a number of precipitating agents. The most interesting results with dialysis 
experiments were obtained while using a cellophane membrane with aqueous 
acetic acid or aqueous methyl cellosolve as solvents. Under these conditions 
the porosity of the membrane may be controlled by adjusting the amount of 
water in the mixed solvent. Enterocrinin and secretin dialyzed at approximately 
the same rate under all conditions tested. In water solution most preparations 
are almost completely dialyzable, even through thick parchment. In the elec- 
trophoresis of crude extracts the enterocrinin moves toward the cathode ahead 
of the bulk of the preparation. The picrate derivative would appear to be the 
most suitable substance for chromatographic adsorption studies. 

Attempts to purify enterocrinin by trichloracetic acid precipitation, isoelectric 
precipitation, electrodialysis 4 , and molecular distillation have yielded very poor 
results. 

The stability of enterocrinin has been found to vary widely according to the 
purity of the preparation used. In moderately pure preparations enterocrinin 
is relatively stable with respect to dilute acids and bases, heat, and oxidation. 
Very highly purified preparations, however, have lost a substantial proportion 
of their activity on being left open to the air in a CaCb desiccator for a few 
months, and water solutions of these veiy potent preparations deteriorate within 
a few days or weeks even while stoppered and stored at 5°C. 

No estimate can be given of the activity of pure enterocrinin, but it is certainly 
a powerful substance and a considerable amount of progress has been made 
toward its isolation. A check of the assay data concerning the most active prep- 
aration reported by Nasset (1938), using insofar as possible the new, improved 
methods of calculation, showed its threshold dose to be about 800 micrograms, 
as compared to the 80 microgram T.D. reported by Fink and Nasset (1941) 
and the 36 microgram T.D. reported in this paper. 

SUMMARY 

A detailed procedure is given for obtaining highly potent preparations of en- 
terocrinin, the hormone which excites the secretory glands of the intestine. The 
procedure involves the extraction of intestines with slightly acidic 87 per cent 
alcohol, removal of the alcohol, salting out with NaCl, thorough drying of the salt 
cake between filter papers (to remove vasodilatins), fractionation with acetic 
acid, propylene glycol and methyl cellosolve, precipitation as the picrate, frac- 
. tionation of the picrate with acetone, hot water, and acetic acid, and finally 
freeing of the hormone from the picric acid by precipitating it from a dry mixture 
of acetic and hydrochloric acids. 

Data illustrative of the results obtainable are presented, and further methods 
of purifying the preparations are discussed. 

4 We are deeply indebted to Prof. Einar Hammersten and Dr. Gunnar Agren of the Ivaro- 
linska Institut (Stockholm) for furnishing their very fine electrodialysis apparatus for 
these tests. 
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The potency has been increased to over 300 times that of the crude extracts, 
so that as little as 36 micrograms is sufficient to produce an accurately measurable 
response in a 20 kgm. dog of average responsiveness. 
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In previous communications (1, 2) in this Journal, changes in the red cell vol- 
ume and the plasma proteins following an experimental bleeding were described. 
It was shown that the acute hypoalbuminemia which follows serious blood loss is 
corrected slowty, whereas the hypoglobulinemia returns to normal more rapidly. 
In these experiments the animals were not starved. In this report an attempt 
was made to study the effect of fasting as well as of various types of alimentation 
on the course of the regeneration. 

Since our last paper (2) a few more observations have been described. Brown 
et al. (3) reported that following hemorrhage in man of 440 to 880 cc., hemodilu- 
tion is detectable in one-half hour and continues for about 24 hours. If the blood 
loss is from an operation where there is extensive cutting of tissues, the hemodilu- 
tion continues for 3 to 4 days. Beattie and Collard (4, 5) in anesthetized cats 
following single hemorrhages (20 per cent blood volume) obtained evidence that 
plasma proteins move into the blood stream within 2 hours after the hemorrhage. 
Considerable variations were observed in these experiments which the authors 
assume could be explained as being dependent upon the state of plasma protein 
stores outside the circulation. 

Methods. Mongrel dogs weighing between 8 and 15 kilos were used. They 
were allowed water but no food during the 18 hours preceding the experiment. 
Without anesthesia, except for the local use of novocaine -when needed, the femo- 
ral artery was cannulated and the dog rapidly bled 35 to 45 cc. per kilogram of 
his body weight. No effort was made to affect the rate of blood flow from the 
cannula, but the process rarely required more than 2 minutes, after which the 
cannula was removed and the femoral artery tied off. The dog was then placed 
in a cage and allowed to have water ad lib. Except for immediate replacement of 
Ringer’s solution in one group, the animal received no therapy until an hour after 
hemorrhage and then on the same hour on succeeding days. Heparinized blood 
samples were taken from the jugular vein or from the femoral vein in the leg 
opposite the one used for bleeding. These samples were centrifuged for 30 min- 
utes at 3000 revolutions per minute. The plasma was analyzed for non-protein 
nitrogen and total nitrogen. For the former Kessler’s reagent was used, for the 
latter a titrimetric micro-Ivjeldahl procedure, involving steam distillation of the 
ammonia into a boric acid solution. For fractional determination of albumin the 
method of Campbell and Hanna (6) was employed. A few dogs died shortly 

1 Aided by a grant from the Commonwealth Fund. 
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after the hemorrhage, but in this report only those dogs surviving 72 hours are 
included. 



HOURS AFTER HEMORRHAGE 


Fig. 1. Changes in hematocrit readings (red cell volume), plasma albumin and plasma 
globulin (expressed as percentages of initial which is represented as 100) during 72 hours 
following a single severe non-fatal hemorrhage, in five groups of experiments described in 
the text. 

Sjunbols: group I, ; group II, ; group III, , group IV, ; group 

V, 

Note the pronounced and continued liemodilution shown by the drop in red cell volume 
and the fall and slow rise in globulin and albumin. Note that the five curves are quite 
similar, indicating the relative^ slight influence of the various dietary intakes. The rise 
in globulin in thpse experiments is less pronounced than in previous experiments. 

Five groups of experiments were performed as follows: 

Group I. Ten dogs, 40 cc./kilo. hemorrhage; no repl; oral beef serum hydrolysate; 5 75 
cc./kilo. per day. 

5 Obtained through the courtesy of Dr. Warren M. Cox, Jr., of Mead Johnson & Com- 
pany. The beef serum hydrolysate was enzymic as was Amigen, which is a similar hydroly- 
sate obtained from casein. 
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Group II. Ten dogs, 40 cc./kilo. hemorrhage, no repl; oral 10 per cent glucose in n.s.s. 
75 cc./kilo per day 

Group III. Five dogs, 40-45 cc./kilo. hemorrhage; no repl; water ad lib, no food 

Group IV. Six dogs, 35 cc./kilo. hemorrhage; repl. with Ringer’s sol. ; reg. kennel diet 

Group V. Six dogs, 35-40 cc./kilo. hemorrhage; no repl; oral Amigen; 2 75 cc./kilo. per 
day 

It will be observed that only dogs in group IV received the usual kennel ration; 
all of them, however, were allowed water ad lib. Those getting oral therapy 
received the solutions by stomach tube. Vomiting occurred very rarely and 
when it did the dog was re-fed immediately. The beef serum hydrolysate and 
the Amigen were both 10 per cent solutions plus 10 per cent dextrose. To these 
was also added vitamin B in the form of Labco 20 cc. per 1000 cc. of solution. 
All gavage feedings were given in doses of 75 cc. per kilo per day. Therapy was 
given daily for 72 hours, then the animals were sacrificed. 

Results and comment. The values for hematocrit and plasma proteins were 
calculated as a percentage of the initial (pre-hemorrhage) value, which was put at 
100. It vill be observed that (see figure) among these various groups of dogs 
there is remarkably little variation in the behavior of the hematocrit values and 
the plasma proteins. The hematocrit readings fall rather abruptly at first and 
then more gradually throughout the whole 72 hour period. At 6 hours after 
hemorrhage the lowest values for plasma albumin and globulin are to be found. 
From the 6th to the 72nd hour, plasma proteins show slow but steady regenera- 
tion, the globulin curve rising a little more sharplj' than the albumin curve. 

In our previous study (2) it was inferred that the rising level of serum albumin 
and the constantly falling hematocrit values immediately following a single 
severe hemorrhage meant that the blood volume was being restored with albumin- 
containing fluid. In the present experiment it is interesting to note that this 
mechanism is not affected by the therapeutic measures used, i.e., food, beef serum 
hydrolysate, Amigen, 10 per cent glucose. Moreover, the dogs receiving nothing 
but water exhibit the same ability to compensate for this acute protein loss as do 
the other dogs. 

These negative findings are significant because they show that the body com- 
pensates for the acute protein loss from a single severe non-fatal hemorrhage in 
a manner which is unaffected by the presence or absence of exogenous sources 
of protein or carbohydrate, excluding, of course, protein introduced intravenously 
as substitution therapy, i.e., plasma, whole blood or serum. Not described 
herein are experiments in which solutions of amino-acids and hydrolyzed protein 
were given intravenously following a single severe non-fatal hemorrhage; the 
same negative results were observed as with oral administration. On the other 
hand, we have obtained evidence (7) winch indicates that dogs succumbing to 
repealed hemorrhages are beneficially influenced by such injections; it would seem 
that the compensatory mechanisms following hemorrhage differ with the manner 
and severity of the loss of blood. 

It is interesting to note the results of group III. It is well known that a non- 
protein diet will result, in 2 to 3 weeks, in hypoalbuminemia in clogs. Apparently 
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a non-protein diet even after a severe hemorrhage has little effect on the ser um 
proteins of dogs for as short a period as 72 hours. Other workers (8) have found 
that amino-acids are beneficial in protein regeneration following hemorrhage, but 
these studies extended over a much longer period of time (weeks and months) 
than the experiments reported in this paper. 

CONCLUSIONS 

The presence or absence of exogenous sources of protein or carbohydrate ali- 
mentation does not influence the rapidity with which the body compensates for 
the acute plasma protein loss during the first 72 hours following a single severe 
non-fatal hemorrhage. 
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In a previous communication (1) it was reported that dogs fed a protein- 
deficient diet had a reduced liver function as evidenced by an increased serum 
phosphatase and a decreased hepatic dye clearance. The changes in liver func- 
tion produced bj r a protein-deficient diet could be restored to normal by an 
adequate protein intake. 

There are numerous reports in the literature (2, 3, 4, 5) which show that 
choline administration tends to reduce or prevent the accumulation of fat which 
otherwise occurs in the livers of rats fed a high-fat, low-protein diet. It has 
also been shown (6, 7, 8, 9) that cystine administration increases the percentage 
of fat in the livers of rats maintained on a high-fat, low-protein diet. However, 
there is no information in the literature concerning the effect of these two sub- 
stances upon the function of the liver as measured by dye clearance or serum 
phosphatase. The present study was undertaken to supply such information. 
In addition, data were obtained on the effect of a choline deficiency without a 
superimposed protein deficiency on the dye clearance and serum phosphatase. 
The effect of feeding methionine to protein deficient dogs was observed in a few 
experiments. 

Methods. Healthy mongrel dogs or puppies were used in all the experiments. 
These were maintained for several weeks on a normal kennel diet, during which 
time control values for serum phosphatase and hepatic dye clearance were 
obtained. The dogs were then fed one of the deficient diets for varying lengths 
of time. The composition of the diets used is shown in the table on page 643. 

Diet I is the protein-deficient diet used in the previous stud}'. Diets II and 
III are similar to the low-choline, peanut meal diet described by Engle (10). 
In II the B-complex was supplied by the six per cent yeast in the basal mixture. 
In III the crystalline vitamins were used. The peanut meal 1 was percolated 
with 65 per cent alcohol for twenty-four hours and then extracted five times 
with boiling 95 per cent alcohol. The casein was extracted three times with the 
same solvent. 

With only a few exceptions the serum phosphorus, phosphatase and hepatic 
dye clearance were determined at two week intervals. Bodanskv’s method (11) 
was used for phosphatase and the Rose Bengal test of Stowe, Delprat and 'Weeks 
(12) with the modification described in the previous publication (1), was use 
to deter min e hepatic dye clearance. The dogs were weighed weekly. Tota 
liver lipids were determined in duplicate on the whole fresh liver, using t ie 
method of Best, Channon and Ridout (13). 

1 Purchased from Darling Co., Chicago, III. 
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DIRT I 

DIET II j 

1 

DIET Ul 

Lard 

33% 

25% | 

27% 

Sucrose 

55% 

29% ; 

31% 

Salt mix 

2% 

4% 1 

4% 

Cellophane 

5% 

o% i 

0% 

B-complex 

Yeast 5% 

Yeast 6% 

Cryst. vitamins* 

Protein 

0% 

Peanut meal 30% ! 

Peanut meal 30% 


! 

Casein 6% ' 

Casein 6% 


* The crystalline B-vitamins used were 2 : Bi, B 2 , B 6 , and calcium pantothenate 
(I mgm./lOO gram of diet), nicotinic acid, p-amino benzoic acid and inositol (10 mgm./lOO 
gram of diet). One drop of Meade Johnson’s percomorph oil was added to each 100 grams 
of diet. This supplied approximately 50 I.U. of vitamin D/kgm. and 350 I.U. of vitamin 
A./kgm. daily to adult dogs and double that amount to puppies. 

The casein and peanut meal were extracted as described below. 

The yeast used was Annheuser Busch Strain K. 

All the diets were fed at a level of forty calories per pound of body weight for adult dogs 
and eighty calories per pound for puppies. 

Results. Group I. The effect of choline or cystine administration when 
fed at the beginning of a depletion period upon the serum phosphatase and dye 
clearance of adult dogs maintained on a diet practically free of protein (diet I). 

a. Nine control animals were maintained on this diet and received no supple- 
ments. Five animals received diet I plus one-half gram of choline chloride daily 
in capsule form and six animals received diet I plus one gram of cystine daily 
throughout the experimental period. One animal was fed diet I, and given 
one gram of methionine daily for six weeks. At the end of that time the methi- 
onine was withdrawn and one-half gram of choline chloride was fed for two weeks. 

b. Other dogs were fed choline or cystine supplements after they had been 
on diet I for varying lengths of time and had already exhibited increased serum 
phosphatase values and decreased rates of dye clearance. Several animals were 
fed ^ or 1 gram of methionine daily after a period of protein depletion. 

The differences in the serum phosphatase and hepatic dye clearance which 
were found in the twenty dogs in group I (a) with or without choline and cystine 
supplements are shown in table 1-a. The choline or cystine supplements which 
the treated animals in this group received were fed from the beginning of the 
depletion. The effect of choline during the first eight weeks is clearly seen 
when the serum phosphatase and hepatic dj r e clearance of this group are com- 
pared with the untreated group. At the end of this period the choline group’s 
dye clearance had dropped from an original average of 104 ±3.7 per cent of 
normal to 95 ± 5.8 per cent of normal. This is a relatively slight change. At 
the same time the untreated group's dye clearance had decreased from an original 
average of 99 ± 1.6 per cent of normal to 69 ± 6.2 per cent of normal. The 

- The authors wish to thank Doctor Robertson of Merck & Co. for the crystalline B- 
vitamins, choline and methionine used in these experiments. The vitamin A and D was 
furnished through the courtesy of Mead Johnson & Co., Evansville, Ind. 
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choline group’s seram phosphatase increased only 5.8 units while the untreated 
group’s increased 16.6 dt 3.5 units. 

The effect of cystine is best seen during the early weeks of the depletion. 
These animals exhibited a decrease in dj r e clearance during the first two weeks 


TABLE 1-a 


SERUM PHOSPHATASE 

HEPATIC DYE CLEARANCE 

Weeks 

0 

2 

4 

6 

S 

0 

2 

4 

6 

8 


Diet I. Protein-free,* no supplements 


C-l 

1.0 

3.5 

! 7.5 

9.S 

17.3 

per cent 

106 

j per cent 

109 

per cent 

78 j 

per cent 

82 

per cent 

S6 

C-31 

1.2 

4.1 

5.S 

S.7 

10.9 

95 

j 80 

76 

77 

7S 

C-32 

1.2 

5.S 

8.7 

10.9 

12.2 

103 

: 97 

87 

85 

90 

8-E 

2.1 

6.6 i 

14.8 

17.6 

32.6 

102 

93 

S6 

SO 

50 

9-E 

1.3 

2.4 

4.6 

5.9 

5.7 

100 

100 

87 

77 

76 

10-E 

1.3 

11.3 

14.8 

15.0 

32.7 

92 

67 

69 

87 

53 

12-E 


7.0 

21.1 

30. S 


100 j 

S6 

63 

48 

. 

31 


2.4 | 

3.6 

7.2 

12. S i 

98 

79 

68 

S9 

7S 

33 


22.1 

i 

1S.S 

20.7 

is.s ; 

i 

| 93 

1 50 

| 64 

! 51 

1 41 

Average. . . . 

1.3 

7.2 

11.0 

14.1 

17.9 1 

! 

99 

S5 

75 

75 

69 


Diet I. Protein free; one gram of cystine daily 


17-S 

1.0 1 

13.1 1 

30.0 

23.1 

3S.9 

ns 

69 

67 

69 

50 

20-S 

1.7 

19.9 

30.5 

23.1 

46. S 

114 

69 

60 

54 

43 

21 -S 

1.1 

10.2 

29.6 

20.5 

27. S 

126 

76 

62 

69 

59 

22-S 

1.4 

13.6 

27.1 

22.7 

32.2 I 

130 

102 

88 

41 

S3 

23-S 

1.0 

4.1 

9.3 

9.6 

12.7 j 

102 

SO 

67 

61 

65 

30 

1.9 

7.4 

21.4 

- 

10.4 

13.0 

10S i 

1 

72 

79 

61 

72 

Average. . . . 

1.4 
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Diet I. Protein free; one-half gram choline chloride daily 


10-S 

3.5 1 

4.2 

6.6 

6.5 

S.4 

■1 

! 114 

90 

S9 

77 

14-S 

0.1 

3.5 

4.0 

6.2 

4.7 

BS 

mm 

ns 

96 

99 

15-S 

l.S 

6.2 

6.3 

i 7.5 

9.1 

mm 

mm 

84 


105 

16-S 

2.5 

7.4 

11. S 

12.1 

12.2 

! HI 1 

110 

102 


10S 

34 

j 0.6 

2.2 

1.5 

2.5 




100 

79 

S6 

Average. . . ■ 

j 1.7 

4.7 

6.0 

7.0 

7.5 

! 104 

10S 

99 

96 

05 


* Except for the protein in the dried brewer’s yeast. 


from 116 db 4.1 per cent to 78 ± 6.0 per cent. This decrease of 38 per cent is 
significantly greater than the two week decrease seen in the untreated animals 
which went from 99 ± 1 .6 per cent to 85 ± 6.0 per cent, a decrease less than 
one half that seen in the cystine animals. At the end of eight weeks the cystine 
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animals had decreased 54 per cent as compared to the 30 per cent decrease found 
in the untreated dogs. The serum phosphatase of the cystine animals was 
2S.G d= 5.7 units in contrast to the 17.9 =fc 3.5 unitsfound in the untreated group. 
In comparing the cystine and untreated groups it will be noted that the dif- 
ferences between them are most pronounced early in the experiment. The 


TABLE 1-b 
Protein-deficient dogs 


DOC. 

LIVER EAT 

SURVIVAL 

FINAL SERUir 
PHOSPHATASE 

FINAL HEPATIC 
DVE CLEARANCE 

WEIGHT 

CHANGE 

No supplements 


per cent 

weeks 


per cent 

lbs. 

C-l 

12.0 

14 

36.2 

50 

—5 

C-31 

6.7 

16 

8.S 

61 

-3f 

C-32 

14.4 

12 

35.0 

41 

—7 

31 

8.2 

10 

26.9 

46 

-6 

33 

27.7 

12 

31.6 

40 

—5 

I 

Average 

13. S ±2.7 

12. S 

27.7 

48± 



Choline supplement 


10-S 

7.7 


13.5 

60 

-14 

14-S 

19.0 

IS 

9.4 

49 

-61 

15-S 

11.6 

14 

6.3 

70 

-74 

16-S 

6.1 

14 

7.9 

78 

-6 

34 

5.4 

10 

4.3 

107 

I 

2 

Average 

10.0 ±2.5 

13.2 

8.3 

1 73 



Cystine supplement 


17-S 



32.3 | 

59 

-54 

20-S 

19.5 

12 

7.4 

40 

-H 

21-S 

11.2 

12 

20.3 

54 

+i 

22-S 

14.7 

12 

26.7 

27 

2 

2 

23-S 

7.0 

16* 

9.9 

53 

+i 

30 

10.5 

10 

10.9 

70 

—24 

Average 

13.1 ±1.8 

12.0 

17.9 

51 



* Approximated; 


cwstine animals continue to exhibit decreases in dye clearance and increases in 
phosphatase, but the changes occur at a slower rate and eventually these values 
fall in the same range as the untreated animals whose values in the meantime 
have continued to drop. 

Although all the animals survived longer than eight weeks this period of time 
was selected for the comparisons because soon after some of the animals developed 
varying degrees of anorexia. Serum phosphatase, liver lipids, and dye clearance 
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in dogs are all known to be affected by starvation (14, 15), consequent!}' any 
values obtained after anorexia has developed become difficult to interpret. 
However, in order to obtain data on survival time all dogs (with the exception 
of four control dogs which were used to test other dietary supplements) were 
continued on the diet until they had developed practically complete anorexia. 
It was found that although the choline animals appeared better during the first 
eight weeks on the basis of the test used and also as judged b} r their appearance, 
they deteriorated rapidly after the eighth week and on the whole did not survive 
any longer than the control group. All three groups began decreasing their 
food intake about the same time. The average survival time of all the groups 
was between twelve and thirteen weeks. One of the factors which may have 
increased the variations among the individual animals in regard to survival 
time is copropliagy. 

No control animals receiving adequate protein are included in this study 
because data on this aspect of the problem were presented previously (1) and 
gave adequate proof that diet I supplemented with 25 per cent casein protected 
dogs for as long as 30 weeks. No decreases in hepatic dye clearance were found, 
serum phosphatase remained normal, and liver lipids were low. 

Since these experiments were planned primarily to study the changes in the 
phosphatase and dye clearance, it was impossible to control them in such a 
way as to make a satisfactory comparison of the liver fats in these animals. 
Nevertheless, the values found for liver lipids at autopsy are given in table 1-b 
along with survival time, final serum, phosphatase, dye clearance values, ancl 
weight changes. None of the differences between the cystine and untreated 
‘groups are at this time statistically significant. The choline group has signifi- 
cantly higher dye clearance and lower serum phosphatase but the liver lipids 
are not significantly lower. 

The various experiments where cystine, choline or methionine supplements 
were fed after the animal had already been depleted are shown in table 2. The 
length of time the animal was maintained on diet I before the supplement was 
fed varied since the intention was to get a significant elevation in serum phos- 
phatase and a decrease in dye clearance before giving one of the supplements. 
When choline was fed to these animals the serum phosphatase generally decreased 
and the dye clearance increased. Cystine usually had the opposite effect, causing 
a further rise in phosphatase and decrease hi dye clearance. On one occasion 
the removal of the previously added cystine Avas followed by a large decrease 
in phosphatase, but no change in dye clearance, Avhile in another instance its 
Avithdraival was folloAA-ed by an increase in dye clearance and only a slight 
decrease in phosphatase. 

The depleted animals AA-hich Avere fed methionine gave variable results. In 
some cases this amino acid had the same effect as choline, in other cases it had 
no effect. The amount fed (one-half or one gram daily) AA'as limited by the 
availability of the methionine and it seems reasonable to suppose that larger 
amounts fed for the same or greater periods of time Avould produce positive 
results. One animal 3 which received one gram of methionine daily from the 

3 Xot shown in table 2. 
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beginning of a depletion responded in the same manner as a typical protein- 
deficient animal. At the end of six weeks Ms phosphatase was 17.3 units and 
his dye clearance had decreased from 111 per cent to 68 per cent. At this time 
the methionine was withdrawn and one-half gram of choline was fed. In one 
week the phosphatase had dropped to 5.2 units and the dye clearance had risen 


TABLE 2 


DOG 

DAILY SUPPLEMENT TO DIET I 

DAYS 

PHOSPHATASE 

DYE CLEARANCE 

Start 

End 

Start 

End 


The effect of choline on 

dogs already depleted of protein 




itsm 



per cent 

per cent 

5-D 

t gram choline 


35. S 

14.7 



1-E 

i gram choline 


7.2 

3.S 



2-E 

t gram choline 


32.6 

12.7 



3-E 

i gram choline 


21.5 

14. S 

79 

95 

-1-E 

I gram choline 


32.0 

17.6 



S-E 

i gram choline 


23.5 

21.1 

56 

76 

10-E 

2 gram choline 


17.9 

25.2 

57 

73 

12-E 

gram choline j 


22. 1 ! 

21.7 

61 j 

70 


The effect of cystine on 

dogs already depleted of protein 


5-E 

1 gram cystine 

14 

49.4 

S3. 2 

71 

31 

5-E 

Cystine removed 

14 

S3. 2 

44.9 

31 

34 

9-E 

1 gram cystine 

14 

5.2 

15.9 

63 

33 

9-E 

Cystine removed 

2S 

15.9 

14.7 

33 

67 

11-C 

1 gram cystine 

14 

6.S 

27.7 

100 

6S 

15-C 

1 gram cystine 

14 

12.7 

24.7 

97 

64 


The effect of methionine on dogs already depleted of protein 


5-D 

1 gram methionine 

14 

26.9 

14.7 

6S 

64 

5-D 

J gram methionine (iinmed. 
after above) 

14 

14.7 

15.6 

64 

82 

5-D 

Methionine removed 


15.6 

31.4 

S2 

66 

33 

\ gram methionine 


12.7 

18. S 

51 

40 

33 

Methionine removed 


18. S 

31.6 

40 

53 

U-C 

t gram methionine 


30.1 

38.5 

61 

58 

11-C 

Methionine removed 


38.5 

30.6 

58 

39 


to 90 per cent of normal. In two more weeks the animal had become moribund 
and was sacrificed. Nine per cent fat was found in his liver. 

Group II. The effect of choline upon the serum phosphatase and hepatic 
dye clearance of puppies fed a diet containing adequate amounts of protein but 
low in methionine and choline. 

A group of six litter-mate puppies was* fed diet II. Three of these were given 
onc-half gram' of choline chloride daily. The others did not receive this supple- 
ment. Five of the animals developed pneumonia after four weeks on the diet, 
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but since the changes which occurred during the first, two weeks showed signifi- 
cant differences they will be considered. The results obtained are shown in 
table 3. The definite differences obtained after two weeks on the diet demon- 
strate how rapidly changes occur and the sensitivity of the tests used. During 

TABLE 3 


Six litter-mate puppies. Peanut meal, choline-deficient diet 


DOG 

SUPPLEMENT 

| 

0 DAYS 

U DAYS 

Weigh! 

Serum 

phosphatase 

Hepatic dye 
clearance 

Weight 

Serum 

phosphatase 

Hepatic dye 
clearance 

1 

i 

lbs. ! 


per cent ‘ 

tbs. 


per cent 

79P 

None 

7-2- 

5.0 

112 

S 

34.6 

78 

81P 

None 

71 

4.1 

IIS 

61 

16.8 

66 

82P 

None 

' 

71 

5.8 

123 

s* 

i 

51.2 

72 

83P 

Choline* 

62 

5.2 

IIS- 


6.8 

98 

84P 

Choline* 

$4 

4.9 

120 


10.2 

95 

85P 

Choline* 

71 

5.4 

123 


7.8 

S9 


* 0.50 gram choline chloride daily. 


TABLE 4 


Three litter-mate puppies . Peanut meal, choline-deficient diet 



DOG 6QP 

DOG 62P 

DOG 6IP 

DAYS 

Diet II — no choline 

Diet III — no choline 

Diet III— 3 g. choline daily 


Weight 

Serum pt. 

Hepatic 

clearance 

Weight 

Serum pt. 

Hepatic 

clearance 

Weight 

Serum pt. 

Hepatic 

clearance 




per cent 



per cent 



per cent 

0 

10 

4.9 

141 

101 

3.4 

134 

■9 

5.6 

126 

14 

101 

12.4 

134 

10 

35.6 

115 

U4 

17.1 

100 

28 

11 

31.5 

85 

9 4 

24.4 

S4 

121 

9.6 

116 

49 

114 

EH 

8S 

Died. 

Liver fat 16.2% 

15 

9.7 

96 

63 

114 

Ii 

SS 




15 

9.7 

105 


Changed to Diet III 




Food allowance reduced to equal 
amt. which 60P ate 

77 

ii 


82 




15 


104 

84 

104 

33.0 

50 




144 




Sacrificed. Liver fab 



i 

Sacrificed. Liver fat 



30.0% 




! 


4.3% 




this two week period the animals receiving choline gained an average of three- 
fourths of a pound, or about 10 per cent of their original weight. The deficient 
puppies averaged no gain in weight. All of them consumed their diet com- 
pletely during these two weeks.' One, of the deficient puppies did not become 
sick when the others did and was continued on the diet for eleven weeks. At the 
end of this time he was emaciated and inactive. His food consumption hue 
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gradually decreased from one hundred and fifty grams daily the first three weeks 
to about thirty or forty grams daily at eleven weeks. He had lost about twenty- 
five per cent of his original weight, had a serum phosphatase of 45.8 units and a 
dye clearance 67 per cent of normal. One-half gram daily of choline chloride was 
then administered orally. During the following seven days his food consumption 
increased until he was eating two hundred grams daily. His phosphatase 
dropped to 19.8 units and in another week was down to 4.0 units. His hepatic 
dye clearance increased to 97 per cent of normal in seven , days and to 107 per 
cent in fourteen days. By the end of three weeks of choline administration he 
was eating 300 grams daily, had gained four pounds and was healthy and active. 
Choline was then removed and ten days later he suddenly became ill and died. 
There was 19.0 per cent fat in his liver. 

In table 4 is presented the data obtained on three other litter-mate puppies 
maintained on diets II and III. Here again the choline-deficient animals had 
a higher serum phosphatase (24.4 and 33.0 units), and a lower hepatic dye 
clearance than did the animal which received choline. The choline-fed animal 
had only 4.3 per cent fat in his liver while the deficient animals had 16.2 and 
30.0 per cent respectively. 

Discussion. It is apparent from the foregoing data that dogs receiving a 
high-fat, low-protein diet have a progressive impairment in the rate of removal 
of dye from the blood stream. The elevation of phosphatase is also progressive 
as the protein deficiency becomes more advanced. The anorexia which invari- 
ably develops in these animals may temporarily result in an increase in dye 
clearance and a decrease in phosphatase. The significance of the changes 
observed in the protein-deficient animals have been discussed previously (1). 

The data presented in tables 1 and 2 indicate clearly that choline definitel 3 r 
aids in the maintenance of the liver function of the protein-deficient dog. That 
the beneficial effect of choline is temporary is also indicated by the eventual 
outcome of the experiments. Although at autopsy the fiver lipids are in a 
slightly lower range than the untreated group and the dye clearance and serum 
phosphatase arc closer to normal, the dogs had lost weight, developed anorexia 
and become moribund about the same time as the untreated animals. The 
animals in both groups had been practically devoid of dietary protein for. more 
than ten Nveeks, and although the choline supplement may have prevented the 
infiltration of fat into the liver during the first eight weeks it could not prevent 
the loss of tissue protein from occurring during that time. . This extensive loss 
of tissue protein results in numerous changes within the body which choline 
could not be expected to prevent. These changes and the anorexia associated 
with them cause the death of the animal, but should not be construed as easting 
doubt upon the effectiveness of choline during the earlier part of the experiment. 

The results obtained on diets II arid III indicate that a choline-deficiency in 
itself without a superimposed protein deficiency will cause a marked impairment 
in liver function in the normal puppy. In this case, however, oral choline 
supplements make the diet adequate and result in normal dye clearance and 
serum phosphatase. Schaefer et al have reported (16) that'choline is essential for 
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the growing dog. The elevation in serum phosphatase which results from a 
choline deficiency in the puppy is very marked and rapid. The return to normal 
values which occurs when choline is fed is equally rapid. The data presented 
do not permit any conclusions as to the mechanism by which choline preserves 
liver function. 

It is likewise apparent from the data that cystine early in the depletion in- 
creases the magnitude of the changes in dye clearance and serum phosphatase 
seen in the protein-deficient dog. The mechanism of the action of cystine is 
unknown. Cystine in large doses has been reported (17) to have a toxic effect 
upon tlie'kidney. Griffith (5) has explained the action of cystine in accentuating 
the effect of a choline deficiency in growing rats as due to the acceleration in 
growth caused by cystine. This explanation is hardly applicable to the protein- 
deficient adult dog. It may lie that the impaired liver function resulting from 
the protein deficiency impairs the means of utilization of cystine and thereby 
permits it to accumulate to the point of becoming toxic. 

The experiments with methionine are inconclusive but indicate that on the 
weight basis this substance is less effective than choline in compensating for the 
protein deficiency. 4 This result is as one might expect if the methionine were 
serving as a source of methyl groups. 

There does not appear to be a good correlation between the terminal fat 
content of a liver and its function as measured by dye clearance. Livers with a 
high function usually have a low fat content, but there are numerous instances 
of a low function and a low fat content of the liver. However, in such instances, 
histological examination frequently suggests other explanations for decreased 
dye excretion by the liver. This aspect of the problem will be considered in a 
later report. 

SUMMARY 

1. The decrease in dye clearance and the elevation of serum phosphatase 
caused by a protein-deficient diet are largely prevented in adult dogs for six to 
eight weeks by the daily ingestion of 0.5 gram of choline chloride. The effec- 
tiveness of choline was demonstrable only during the early weeks of the protein 
deficiency. 

2. The changes in dye clearance and serum phosphatase caused by tlie protein- 
deficient diet are increased by the daily ingestion of one gram of cystine. 

3. Choline-deficient puppies maintained on a diet low in methionine rapidly 
develop a marked increase in serum phosphatase and a decrease in dye clearance. 
Oral choline supplements will prevent or reverse these manifestations of impane 
liver function. 
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It has been well established that the motor unit, as defined by Liddell and Sher- 
rington (14) is a “. . . motor neuron axon and its adjunct muscle fibers . . . ” 

Gilson and Mills (12) point out that a motor unit can be identified by a "simple 
rhythmic discharge of recorded spikes of essentially constant height and form,” 
and that “this criterion of single unit activity has been considered acceptable by 
previous workers.” 1 

In previous studies (7), we occasionally saw action potentials which were char- 
acterized by the above description except that the wave form was complex instead 
of simple. They consisted of a series of deflections of varying voltage and dura- 
tion. This led to the question of whether these complex forms represent a, dis- 
charges from single fibers in a single unit; b, discharges from various fasciculi in a 
single unit, or c, discharges from several units which are perfectly synchronized. 

A subject of equal importance is the functional organization of units in an intact 
muscle. Smoothness of muscle contraction would seem to require that a single 
unit spread its effect to a certain degree; it seems possible, therefore, that a unit 
may be distributed through the muscle rather than be restricted to a small area. 

We have been unable to find reports concerning the temporal relationships 
between spike complexes picked up by two or more leads, or describing the area 
from which a unit can be recorded, although Lindsley (15) mentions that “the 
movement of the electrodes a millimeter one way or the other often completely 
eliminates the response of a unit.” 

Since these questions are of fundamental significance in the analysis of the 
electromyogram, particularly in its growing use as a means of studying normal 
and pathological activities of the central nervous system and of muscle itself, 
further studies of complex muscle action potentials have been made. 

One hundred and thirty-one records were made from 23 men and 1 woman. 
The muscles studied were the deltoid, biceps brachii, triceps brachii, brachialis 
anticus, extensor communis digitorum and various layers of the spinal extensors. 
In addition, records from a former series dealing with recordings from the spinal 
extensors by concentric electrodes have been reviewed. 

Apparatus and methods. Action potentials were amplified by dual balanced 
amplifiers and observations were made with a loud speaker and a cathode ray 
oscilloscope. Records were made on bromide paper by means of oscillographs. 

Three types of electrodes were used: 1, concentric electrodes; 2, bare hypoder- 
mic needles. These are likely to pick up potentials from several motor units, and 
they apparently permit some loss of voltage by leakage or cancellation; 3, hypo- 
dermic needles covered to within 2 mm. of the tip with enamel. This is a com- 
promise between the highly selective coaxial electrode and the bare needle. It is 
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most efficient when paired with a distant intradermal electrode. If two of these 
electrodes are placed together, they become selective, like the coaxial, and often 
fail to pick up activity which can be demonstrated by moving one away. These 
electrodes were used in nearly all of the experiments. They were sterilized by 
heat or by soaking in 70 per cent alcohol. 

With the subject in a copper screen room, a suitable area was selected and the 
skin overlying the muscle was cleaned with 70 per cent alcohol. It was then 
anesthetized by an intradermal injection of 2 per cent procaine hydrochloride. 
The usual procedure was to insert one needle in the desired spot and a second 
10-15 cm. distant, the second being inserted intradermally and used as an indiffer- 
ent electrode. The needles were connected to the amplifier grids. A skin 
electrode covered with electrode paste served as a ground lead. The subject 
then created enough tension to activate a motor unit near the electrode in muscle. 
If a good single unit could not be brought in easily, the needle was moved until a 
suitable location was found. This electrode (no. 3) and the indifferent (no. 4) 
were connected to the A amplifier (A or upper tracing on the records) and used 
throughout the experiment as a reference electrode. Four other needles were 
then inserted around the central needle, those in the vertical plane (long axis of 
the muscle) were usually 2 cm. above and below the reference electrode; those in 
the transverse plane (right angles to the long axis) wore usually I cm. from the 
reference electrode. The vertical electrodes were numbered 2, above, and 6, 
below, those in the transverse plane were 1, left, and 5, right. 

Measurements of the voltage and time recorded photographically from action 
currents were made as follows: Voltage was measured by comparing the height 
of the spikes with those produced by known inputs. Time was measured from 
the peak of the main spike on the A channel, which was taken as a fixed point. 
Measurements of all deflections were taken with a micrometer ocular and graphs 
were made from those data. For each record, 10 spikes were measured and the 
data given below represent average values. 

Results. The motor unit complex. The muscle action potential of a single 
unit can be monophasic, diphasic, triphasic or polyphasic, as shown in figures 1 
and 4, depending upon several factors. We have observed that all units in 
representative large muscles show distinctive patterns which vary in voltage and 
time with different electrode placements. The most common time intervals 
recorded ranged from less than 0.5 msec., where there is merely a hesitation or a 
notching, to 10-12 msec., where the two spikes are sharp and distinct. 

The greatest disparity in time between spikes in one complex was seen in an 
experiment (fig. 4) where the time between the first and the last spikes of the 
complex was 22 msec. With a type 3 electrode, paired with an indifferent, 
picking up a single unit, a concentric electrode was inserted so that the tips 
of the type 3 electrode and the concentric were not more than 2 mm. apart. The 
first part of the complex was recorded simultaneous^ and with the same voltage 
on both. Twenty-two milliseconds later the concentric recorded an additional 
diphasic spike. The time between the first and last spikes thus recorded was 
constant in a series of photographs taken over a fifteen minute interval. 
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Augmentation and cancellation of the spike complex are demonstrated when 
two electrodes are in the field. When paired with the electrode out of the field 



Fig. 1. Records taken with type 3 electrodes placed in the cross described above. The 
up swing is negative in all records. Time 0.25 sec. 

Upper records: I-IV. electrodes 3 (in field) to 4 (out of field) 

Lower records: I. Electrode 6 (2 cm. below 3 and in the field) to 4 (out of field). 

Complex E — The single spike is nearly monophasic, an increase in amplification makes it 
triphasic, a decrease makes it purely monophasic. It occurs regularly 5.5 msec, before the 
main spike on the upper record. 

II. Electrode G (2 cm. below 3 and in the field) to 3 (in field). 

Complex E — The first negative spike on B is well ahead of the first negative spike on A 
and corresponds in time to the negative spike of E, lower record I. As 3 on B is in reversed 
position, in relation to the amplifiers, as contrasted to A, this large spike is obviously the 
pick-up at 3, while the early negative spike on B is from 6. 

Complex F — The complex on the upper record is monophasic while on the lower it is poly- 
phasic. The double negative spike and the notch in the second positive spike on B are 
examples of the complex wave form of the unit as described in the text. 

III. Electrode 2 (2 cm. above 3 and in field) to 4 (out of field). 

Complex E — The first and second negative spikes on B occur regularly 4.4 msec, and 6.G 
msec, respectively after the large negative spike on the upper record. They correspond 
to the small spikes at the end of the complex on A in time but not in voltage. 

IV. Electrode 2 (2 cm. above 3 and in field) to 3 (in field). 

Complex E — The complex on B is a typical combination of the pick-up at 3 plus the pick- 
up on 2. 3 is in reversed position in relation to the amplifiers as contrasted to A. 

each records a distinctive pattern. When they are inter-connected the temporal 
relation of the spikes of each discharge remains the same, with but minor vana- 
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tions. However, the voltages of the several spikes usually show marked change. 
In one experiment with two electrodes in the field, when the two were paired? a 
spike was recorded which appeared on neither when each was paired with an 
indifferent. In the same complex a spike, which was recorded with one electrode 
in the field, failed to appear when both electrodes in the field were paired as shown 
in figure 3. 



Fig. 2. Graphs representing the temporal and voltage relations of the h motor unit com- 
plex in figure 1 : the upper left is I; lower left. II: upper right , III; lower right It . The solid 
lines correspond to the upper records of figure 1 and the dashed lines to the lower records. 

Fig. 3. Graphs representing the pick-up of two electrode-; in a. field. Solid line — elec- 
trodes interconnected. Broken lines — individual electrodes connected to indifferent elec- 
trodes. 

Spatial delineation of the motor unit. Theoretically, it should be possible to 
ascertain the exact dimensions of the motor unit complex by moving the exploring 
electrodes back and forth until the area has been delimited. Practical difficul- 
ties, however, exist. The identity of the reference unit must be maintained at all 
times. If, through slight unavoidable electrode movement the pattern changes, 
the unit can no longer be identified positively as the original. In addition, after 
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numerous insertions and reinsertions of electrodes the subject frequently becomes 
tense and is unable to bring in the reference unit without having additional units 
contract. 

In mapping the area from which a motor unit could be recorded, a contracting 
unit was located and electrodes were inserted as described. With the central 
reference electrode always on the A (upper) channel, all the others were connected 
in turn to the B (lower) channel. Some or all of the exploring electrodes picked 
up the activity. Electrodes in the field were moved outward, those out of the 
field were moved inward, until the limits were found. 

In 52 placements 2 cm. from the reference electrode in the vertical plane, the 
unit was recorded 28 times and was not recorded 24 times. It was frequently 
recorded at distances less than 2 cm. and occasionally seen at greater distances. 



Fig. 4. A— upper record— electrode 3 (in field) to electrode 4 (out of field). 

B — lower record — concentric electrode, about 2 mm. from tip of 3. 

Time 0.25 sec. 

Electrode 3 and the concentric electrode both recorded a triphasic complex with an al- 
most imperceptible notching of the main spike; 22 msec, after this complex, the concentric 
electrode recorded a diphasic complex which did not appear on the 3 to 4 combination. 

In the transverse plane, in 38 placements 1 cm. from the reference electrode, the 
complex was recorded 21 times and was not recorded 17 times. 

While these distances (2 cm. above and below and 1 cm. to each side of the 
reference electrode) were close to the outer boundaries in most instances, no dis- 
tinct configuration of the motor unit has been found. Nor was it possible to 
determine the configuration from its voltage. In one experiment the highest 
voltage at any lead was 140 pv; the vertical area of the pick-up was 7 cm. and the 
transverse 6 cm. In another, the reference electrode voltage was 500 pv with no 
pick-up 1 cm. to either side and 2 cm. below. The voltage recorded on different 
placements ranged from 5 to 1000 microvolts as measured on the highest spike in 
the complex. These figures are relative, for electrode movement of less than a 
millimeter may change the voltage as much as 100 per cent. 

The data given above refer only to the horizontal plane. All electrodes were 
inserted to equal depths, but a few trials showed that all parts of a complex were 


POLYPHASIC ACTION POTENTIALS 


657 


not necessarily picked up at a uniform depth. Partial withdrawal of an electrode 
frequently changed its pick-up. In one experiment a needle inserted to full 
depth (25 mm.) recorded 240 pv. At 22 mm. it registered 300 /tv; at 17, 60 
i uv; at 12, 50 /tv. Even more striking variations were found in penetrating re- 
sistant fascial sheaths; on one side no activity might be found, whereas 1-2 mm. 
farther, on the other side of the sheath, a spike of 200-300 /tv could be recorded. 

Time of propagation. In 24 placements in the long axis of the muscle where an 
action current was recorded on 2 electrodes, measurements of the propagation 
time from one electrode to the other were made. The electrodes were from 0.5 
cm. to 7.0 cm. apart.' The measurements represent meters per second and were 
reached by dividing the space interval between the electrodes by the time re- 
quired for the action current to travel from one electrode to the other. They are 
as follows: 1.3, 1.6, 2.2, 2.5, 2.6, 2.7, 3.1, 3.2, 3.4, 3.6, 3.6, 4.3, 4.3, 4.9, 5.2, 5.3, 5.9, 
6.1, 7.1, 7.1, 7.7, 7.7, 10.9, 12.5. 

The spike complex recorded by concentric electrodes. In a previous series where 
we were concerned onty with the presence or absence of motor unit activity, 
concentric electrodes were used exclusively. A review of twenty-five single 
motor units recorded with these electrodes revealed that in 21 instances the 
spikes were di- or triphasic. In only 4 were they polyphasic. To verify this 
we made additional records with a concentric electrode. The wave form was 
altered by changing the position of the electrode (e.g., by rotation). 

Discussion. Three possible explanations for the polyphasic nature of the 
complexes recorded from motor units have been suggested. These are: 'a, 
action currents from single muscle fibers; b, action currents from several motor 
units firing synchronously; c, action currents from the fasciculi of a single 
motor unit. 

Neither a nor b offers a sound explanation for polyphasic complexes. When 
the electrodes are compared in size with the muscle fibers, it is found that a 
large number of muscle fibers (diameter ca. 50 micra) would always be in contact 
with the electrode (diameter 450 micra). Therefore, if the individual muscle 
fibers were the source of the spikes, there would be more spikes than are actually 
found. 

Many investigators have reported their observations on the frequenc 3 r of 
motor units and there seems to be general agreement that two or more motor units 
do not fire synchronously except for extremely brief periods. To accept the 
theory that polyphasic action currents are due to a synchronization of motor 
units would require rejection of the concept of motor unit function which has 
been built upon the original observations of Adrian and Bronk (1, 2) and Denny- 
Brown (6). 

Considerable evidence indicates that the polyphasic complex is due to c, action 
currents from the fasciculi of a single motor unit. Although little is known 
about the histology of the motor unit in large muscles, it has been shown to 
consist of a motor neuron and muscle fibers varying in number from 120 to 160 
(9, 4, 16). Since muscle fibers are grouped into fasciculi containing about 20 
fibers (3) and since the total number of fibers in a motor unit varies (11), it is 
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apparent that although the number cannot be fixed with certainty, there are at 
least several fasciculi in each unit. 

Cooper (5) states that in the frog tenuissimus chains of fibers contract along 
the whole length of the muscle at all strengths of contraction. 

The electromyographic data described above reinforce the idea that the motor 
unit is broken up into smaller components and that they are scattered. The 
spike complex usually registers as one or two strong action currents plus a num- 
ber of weaker ones. We can infer from this that the electrode is near or in con- 
tact with one or two fasciculi and relatively distant from the rest. 

Although there are no reports concerning the rate of conduction of impulses 
over the very small distal motor axon branches in the human neuromuscular sys- 
tem, the work of Erlanger and Gasser (10) permits the assumption that it is 
fairly slow, as is the velocity of the muscle action current. Katz and Kuffler 
(13) estimate the latter to be 2-2.5 rn./sec. in the frog sartorious, and Eccles and 
O’Connor (8) estimate rates of 2.85-4.8 m./sec. for cat soleus, 4 to 7 m./sec. for 
cat peroneus. Hence, the time difference of two action currents recorded on one 
electrode in the same unit can be accounted for by differences in the length and 
diameter of the involved axon branches and the spatial relation of the electrode 
to the fasciculus and its axon branch. In complex patterns when two leads re- 
cord spikes in the same temporal relationship but with different voltages it is 
apparent that the spatial relation of the two to the fasciculi was similar except 
for slight differences in electrical contact. 

There are interesting parallels between the polyphasic complexes we have seen 
and the polyphasic and notched complexes reported by Katz and Kuffler (13) 
in then studies of multiple motor innervation of the frog’s sartorious muscle. 
In figure 3 of their paper, A2 and A3 show polyphasic wave forms representing the 
action potentials initiated first by nerve impulses over the pelvic branch, and a 
few milliseconds later by impulses from the tibial branch. In B2 and B3, with the 
pelvic branch cut, the first half of the complex wave fails to appear as the elec- 
trodes pick up one instead of two sets of action potentials. 

Another interesting parallel is seen in figures 3A and B in a report of Lindsley 
(15). Although he did not discuss wave form, these figures show two negative 
and two positive spikes in clearly defined single units. 

The demonstration of two or more spikes in a single motor unit implies that 
the unit is composed of discrete parts, and signifies that electromyographic studies 
must be interpreted on the basis of the functional capacity of the anterior horn 
cell with its motor neuron and of each of the muscle groups which it activates. 
It is apparent that both must be considered in any analysis of normal or patho- 
logical function of the final common path. 

The present attempts to discover an exact pattern for the motor unit have been 
ineffective. No quantitative data are available concerning the distance an 
electrode can be located from a group of contracting fibers and still retain elec- 
trical contact. Our observations suggest that this distance is greater in the long 
axis of the muscle. This is perhaps due to greater conductiidty of the fibers m 
that direction, but since fascial sheaths are in that plane, as insulators they doubt- 
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less restrict the pick-up in the transverse plane. Hence, these questions of* 
conductivity and of interposed tissue must qualty the observations that the unit 
frequently occupies an area longer than its longest fiber and considerably wider 
than the combined diameters of its fibers. However, it has been apparent that 
an adequate sampling of an area 4 cm. square for muscle activity can be made by 
placing four type 3 electrodes, each paired with an indifferent, at the corners of 
a 1 cm. square. * 

In general it can be stated that the flow of action currents in a single unit is 
roughly parallel to the long axis of the muscle fibers and that it is progressive 
from one end of the unit to the other. We have never seen an instance where the 
action potentials of a single unit as recorded on electrodes 2 and 6 were both 
before or both after the complex as it was recorded on electrode 3. 

The observations concerning propagation of the action current are qualified 
by the consideration of distance between active fibers and recording electrode, 
by the possibility that the two recording electrodes might be in different fasciculi 
(in one experiment the action current occurred simultaneously on 2 electrodes 2 
cm. apart), and because precise electrode placement is not possible in unexposed 
muscle. Even with these qualifications, it seems safe to assume that the rate of 
propagation of the muscle action current is between 2.5 and 8.0 meters per 
second. These observations are in general agreement with previous reports 
(3, 13). 


SUMMARY 

1. Mono-, di-, tri- and potyphasic action currents from single motor units have 
been recorded, the pattern of the discharge being influenced by the type and 
location of the electrodes. 

2. The area from which a motor unit can be recorded varies from 2 to 7 cm. 
vertically and 1 to 6 cm. horizontally; fascial sheaths probably act as dielectrics 
and limit the fields. 

3. The evidence indicates that the components of the motor unit discharge 
originate in the several fasciculi which compose the motor unit. 

We are indebted to Dr. R. W. Gerard for his suggestions and advice and to 
Jane Denslow for her assistance in the laboratoiy. 

REFERENCES 

(1) Adrian, E. D. and D. W. Bronk. J. Physiol. 66: SI, 192S. 

(2) Adrian, E. D. and D. W. Bronk. J. Physiol. 67: 119, 1929. 

(3) Bailey’s Textbook of Histology. 9th cd. William Wood & Co., 773 pp., 1936. 

(4) Clark, D. A. This Journal 96: 296, 1931. 

(5) Cooper,- S. J. Physiol. 67: 1, 1929. 

(6) Denny-Brown, D. Proc. Roy. Soe. B103: 252, 1929. 

(7) Denslow, J. S. and C. C. Hassett. J. Neurophysiol. 5: 393, 1942. 

(S) Eccles, J. C. and W. J. O’Connor. J. Physiol. 97: 44, 1939. 

(9) Eccles, J. C. and C. S. Sherrington. Proc. Roy. Soc. 106B: 326, 1930. 



660 


J. S. DENSLOW AND C. C. HASSETT 


,(10) Erlanger, J. and H . vS . Gasser. Electrical signs of nervous activity. Univ. of Penn- 
sylvania Press, 221 pp., 1937. 

(11) Fulton, J. F. Physiology of the nervous system. Oxford Univ. Press, 675 pp., 193S. 

(12) Gilson, A. S. and W. B. Mills. This Journal 133: 658, 1941. 

(13) Katz, B. and S. W. Kuffler. J. Neurophysiol. 4: 209, 1941. 

(14) Liddell, E. G. T. and G. S. Sherrington. Proe. Roy. Soc. B97: 511, 1925. 

(15) Lindsley, D. B. This Journal 114: 90, 1935. 

(16) 'J’ergast, P. Arch. Micr. Anat. 9: 36, 1S73. 



THE REACTIVITY OF AUTONOMIC MEDULLARY CENTERS UNDER 
CONDITIONS OF RESTRICTED BRAIN CIRCULATION 

E. GELLHORN and F. POLLACK 

From ihe Department of Physiology of the University of Illinois College of Medicine, Chicago 

Received for publication May S, 1943 

The measurement of blood flow through the brain under various experimental 
conditions has revealed an amazing degree of adaptability of the brain circula- 
tion. Rein and Schneider have shown that on clamping of one carotid artery, 
the blood flow in the remaining carotid is increased about one hundred per cent. 
Successive ligation of the contralateral carotid and of both vertebral arteries 
increases the blood flow through the interna carotid more than twice. These 
reactions appear to be responsible for the remarkable fact that even the clamp- 
ing of both carotids does not cause any permanent effect on the cerebral poten- 
tials of the cat (Bremer). Asenjo observed that only the clamping of both 
carotids and one vertebral artery definitely reduced the brain potentials. The 
reactivity of the autonomic centers in these conditions of restricted brain circu- 
lation has not yet been studied adequately. Since the vasomotor as well as 
the respiratory center reacts with great precision to slight alterations in the 
oxygen and carbon dioxide tension of the blood, it seemed of interest to investi- 
gate the reactivity of these centers when one or more of the main arteries are 
ligated temporarily. 

Methods. The experiments were carried out on 43 dogs anesthetized in 
most instances with 70-100 mgm./kgm. chloralosane intravenously. In some 
animals sodium amytal (55 mgm./kgm. intraperitoneally) was used. Blood 
pressure and respiratory rate were recorded in the usual manner. The respira- 
tory minute volume was determined by means of a spirometer. The respiration 
was either spontaneous or artificial after a pneumothorax had been made. Gas 
mixtures ranging between 4.5 and 12.5 per cent oxygen and 3.2 and 15 per cent 
carbon dioxide were inhaled from Douglas bags. 

Results. I. Observations on the effect of anoxia and hypercapnia on blood 
pressure and respiration of “dencrvatedP 1 dogs under conditions of restricted’ brain 
circulation. In order to stud}' the reactivity of the vasomotor and respiratory 
centers to changes in the oxygen and carbon dioxide tension of the blood under 
the conditions of restricted brain circulation it was deemed advisable to eliminate 
the pressor and chemo-receptors which modify the reactivity of these centers. 
It was found in such preparations that the blood pressure response to inhalation 
of gas mixtures low in oxygen did not show any significant alteration in the fall 
of the blood pressure after one carotid artery or one or both vertebral arteries 
had been clamped. In the light of the experiments reported below, this suggests 
that no significant disturbance in brain circulation is induced under these 
conditions. 

1 Denervation of the sino-aortic area. 
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If, however, both carotid arteries are ligated, the reactivity of the respiratory 
and vasomotor centers is altered significantl\\ Figure 1 shows that the respira- 
tory response to carbon dioxide is definitely increased under these conditions, 
although the clamping of the carotids as such does not change the respiratory 
minute volume. Furthermore, in experiments involving the inhalation of gas 
mixtures low in oxygen it is found that the fall in blood pressure which occurs 
in the “denervated animal” in anoxia is greatly increased after bilateral clamp- 
ing of the carotids (table 1). In the experiments involving the use of oxygen- 
nitrogen mixtures a constant respiratory volume was maintained by artificial 



Fig. 1. A. Effect of 5 per cent CO" on the respiratory volume during clamping of both 
carotid arteries. Dog 38, 3/2S/40, 9.1 kgm., 70 mgm./kgm. chloralosane intravenously. 

, clamping of carotids between 1 and 9 while dog inhales air. , inhalation of 

5.4per cent CCEfrom 1 to6. inhalation of 5.4 percentCOjfromltoGwhile caro- 

tids are clamped from 1 to 9. 

B. Effect of 5.4 per cent CO" on the respiratory volume of a “denervated” dog while the 
carotids are clamped. Dog 44, 4/22/40, 10 kgm., 70 mgm./kgm. chloralosane intravenously. 

C. The effect of 3.2 per cent C0 2 on the respiratory volume of a “denervated” dog while 
the carotids are clamped. Same dog as in figure 1, A. 

respiration since it was known from the work of Gellliorn and Lambert that the 
diminution or failure of respiration after elimination of the carotid sinus nerves 
may secondarily cause a fall in blood pressure. Gellhorn and Lambert’s inter- 
pretation that the fall in blood pressure occurring in denervated dogs under 
conditions of anoxia is due to a depression of the vasomotor center appears to 
be applicable to these experiments. The augmented fall in blood pressure in 
response to anoxia suggests that the vasomotor center is more susceptible to 
anoxia after the carotid arteries have been clamped than under normal conditions. 

It is interesting to note that this reaction may be observed also when in an 
animal in which both vertebral arteries had been permanently ligated the carotid 
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arteries are clamped temporarily. It is then found that under conditions of 
anoxia the fall in blood pressure observed on inhalation of 5 per cent oxygen is 
greater after the two carotid arteries had been clamped. 

Experiment 4 of table 1 illustrates the effect of 6.2 per cent oxygen on the 
blood pressure of a “denervated” dog before and after ligation of the carotid 
arteries under conditions of spontaneous respiration. Here, likewise, a greater 
fall in blood pressure is observed under conditions of restricted brain circulation. 
In view of our earlier studies this reaction may, at least in part, be due to more 
rapid failure in respiration after the carotids have been ligated. 

From these experiments it seems to follow that ligation of one carotid artery 
or of both vertebral arteries is fully compensated and does not lead to any altera- 


TABLE 1 

Effect of restriction in brain circulation on the blood prcssiire response to anoxia in dogs 

with denervation of the sino-aorlic area 


NO. 

GAS MIXTURE 

i 

DURATION 

OF 

ANOXIA 

| 

EFrECT OF ANOXIA ON BLOOD FRESSURE 

Without clomping With clamping 

Without clamping 

oi both carotid arteries 

l 

5% 0, 

25 sec. 

Diff. 

114- 96 IS 

Dif.\ 

120- S6 34 
123- 90 33 

! Dijr. 

1 

1 

Pneumothorax 
■ and artificial 
respiration 

2 

G.2% CL 

45 sec. 

92- 73 19 

; 

104- 76 2S 
9S- 74 24 
95- 72 23 

SS- 72 16 

S4- 74 7 

3 

4.5% 0 2 

60 sec. 

130-115 15 

170-115 55 

120-100 20 j 

4 

6.2% 0 2 

5 min. 

125- S5 40 

145- 65 SO 

Spontaneous respiration 


tion in the reactivity of medullary centers when tested with gas mixtures low 
in oxygen or rich in carbon dioxide. 

However, bilateral ligation of the carotid arteries leads to a disturbance in 
brain circulation which is revealed by the increased response of medullary centers 
to anoxia and carbon dioxide. 

II. Effect of restriction in brain circulation on the blood pressure and respiratory 
response to anoxia and carbon dioxide excess in normal and. vagotomized animals. 
Since ligation of the carotids of “denervated” dogs resulted in a greater depres- 
sion of the vasomotor center to anoxia than was seen after restoration of the 
normal circulation, one might expect that in normal and vagotomized animals 
the pressure response to anoxia would be diminished under these conditions. 
However, the result is quite different. As figure 2 shows, ligation of the carotids 
greatly increases the pressure response to anoxia. Since anoxia depresses the 
vasomotor center more after the ligation of the carotids as shown by the experi- 
ments on “denervated” animals described in the preceding paragraphs, the 
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intensification of the pressure response must be due to other than central factors. 
Considering that in normal animals the ligation of the carotids greatly alters the 
reflexes mediated by the buffer nerves, it is probable that they are responsible 
for the alteration in the blood pressure response. The lowering of the pressure 



12 34 5 6 7 6 T 


Fig. 2. The effect of 6.2 per cent O; inhaled for 1 minute on the blood pressure before and 
during restriction of brain circulation (clamping of both common carotids). Dog 9, 12/7/39, 

5.2 kgm., chloralosane 100 mgm./kgm. intravenously. Bilateral vagotomy. 1 , 5 and 9 : 

6.2 per cent 0; under control conditions; 3 and 7 : 6.2 per cent 0-> while both carotids are 
clamped (from 2 to 4 and 6 to 8 respectively). 



Fig. 3. Effect of 15 per cent CO; on blood pressure before and after clamping of both com- 
mon carotids. Dog 29, 3/1/40, 7.6 kgm., 70 mgm./kgm. chloralosane intravenously. 1 , 11 , 
15 per cent CO; inhaled for 30 sec. under control conditions. 3 , 6 and 9 , the same but caro- 
tids are clamped (from 2 to 4 , 5 to 7 and 8 to 10 respectively). 

in the carotid sinuses which follows the ligation of the carotid arteries central to 
these structures is similar in its effect to that seen after removal of the pressure 
receptors. If this is the case, any factor which either raises or lowers the blood 
pressure should produce greater alterations in blood pressure after the carotid 
arteries had been clamped. It was, indeed, shown that the blood pressure rise 
following inhalation of carbon dioxide was also greatly exaggerated. It is of 
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interest to note that in several animals in which either anoxia or carbon dioxide 
•caused a fall in blood pressure instead of a rise, this fall was greatly enhanced 
after the carotid arteries had been clamped (fig. 3). 

It may lie added that ligation either of one carotid artery or of both vertebral 
•arteries did not alter the blood pressure response to anoxia. 

Experiments on the effect of the inhalation of carbon dioxide under conditions 
■of restricted brain circulation caused similar effects in normal and vagotomized 
clogs as have been described for animals deprived of the sino-aortic receptors 
(fig. 1). It was found that carbon dioxide had a greater effect on respiration 
■after ligation of both carotid arteries. Since carbon dioxide stimulates the 
respiratory center as well as the chemoreceptors, it is not surprising to find that 
the reactivity of normal and “denervated” animals is similar. The increase 
in respiratory, response to carbon dioxide after ligation of both carotid arteries 
varied considerably in different experiments but was distinct in all animals 
independent of the presence of the buffer nerves. 

The increased level of the blood pressure together with the augmented blood 
pressure and respiratory response to anoxia and hypercapnia represents an 
adjustment reaction which tends to restore an adequate blood supply to the 
brain in spite of the elimination of both carotid arteries. 2 

CONCLUSIONS 

The reactivity of the vasomotor and respirator}' center under conditions of 
restricted brain circulation is determined by comparing the effects of anoxia 
and hypercapnia on blood pressure and respiration before and after ligation of 
one or more carotid and vertebral arteries. 

It is found that neither ligation of one carotid or of one or both vcrtebrals 
alters the blood pressure response to anoxia. 

Ligation of both carotids leads to an increased blood pressure response to gas 
mixtures low in oxygen in normal and vagotomized animals. After denervation 
of the sino-aortic area the blood pressure falls more rapidly during anoxia after 
both carotids had been ligated indicating an increased sensitivity of the vaso- 
motor center to anoxia under conditions of restricted brain circulation. 

The respiratory response to hypercapnia is increased after bilateral ligation 
of the carotids. This effect present in normal and vagotomized animals as 
well as in dogs in which the sino-aortic area had been denervated signifies an 
increased sensitivity of the respiratory center to hypercapnia. 
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Previous work in this and other laboratories has shown that both sodium and 
potassium traverse the membranes of living muscle cells under a variety of con- 
ditions (1, 2, 3, 4, 5, G, 7). Within physiological limits muscle sodium and 
potassium may exchange for each other without disturbing the osmotic relation- 
ships in the cell or the ability of the cell to contract (.8).^ In an experiment 
designed to explore some of the factors influencing the tolerance of rats to lethal 
doses of potassium chloride, Miller and Darrow (9) found the potassium of 
voluntary muscle above the normal range in all of the poisoned animals except 
those in which previous depletion of muscle potassium had been effected by a low 
potassium diet. Their report confirmed earlier observations (10) that there is a 
close correlation between the signs of potassium poisoning and the level of serum 
potassium, but in addition that poisoning can occur when skeletal muscle po- 
tassium is below the normal range. . 

The sensitivity of the heart to potassium poisoning provides a unique op- 
portunity to examine the electrolyte concentration in both the heart and the 
serum at a time when functional changes resulting from the increase in potassium 
become critical. If the toxic effects of potassium depend upon its accumulation 
within the heart muscle fibers, this accumulation might be expected to bear some 
quantitative relationship to the onset of signs of poisoning. We have studied 
the distribution of the principal electrohdes in the heart, skeletal muscle, and 
serum of cats injected intraperitoneally with potassium chloride solutions, using 
an electrocardiograph and cardioscope 2 to detect the onset and follow the progress 
of .potassium poisoning. 

Methods. The animals used were adult cats maintained for varying periods, 
usually a week or more, on a diet of canned salmon and milk. The animals 
were anesthetized with 37 mgm. per kilogram body weight of pentobarbital 

1 On leave of absence from the Department of Physiology, Stanford University, Cali- 
fornia. 

2 Sanborn Cardiette and Cardioscope. 
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given intvaperitoneally. Preparations were made for obtaining the standard 
electrocardiograph leads. After preliminary electrocardiograms were taken, 
control samples of arterial blood were drawn under oil from the exposed femoral 
artery. Potassium chloride was given by intraperitoncal injection of 0.5 molar 
solution in doses varying from 5 to 8 m.eq. per kilogram body weight. In six 
experiments a solution containing 1G.0 grams per liter of sodium chloride, 4.4 
grams per liter of sodium bicarbonate and I8.G5 grams per liter of potassium 
chloride was used to supply sodium in slightly mom than twice physiological 
concentration. In two experiments the animals were subjected to the removal 
of electrolytes by the intraperitoneal injection and subsequent removal of 100 cc. 
per kilogram body weight of 5.5 per cent glucose solution before the potassium 
solution was administered. 

After the potassium solutions were injected, interval electrocardiograms and 
arterial blood samples were taken. Where electrocardiographic evidence of 
potassium poisoning was seen in the cardioseope, the changes were followed until 
no P waves could be made out, and broad, biphasic complexes indicated severe 
interference with conduction throughout the ventricle. A final blood sample 
was drawn, and the heart was removed. The interval between the appearance 
of diffuse block and the removal of the heart was, in most cases, less than 3 
minutes. The heart was then freed of blood and most of the fat, placed in f ared 
vessels and weighed. Skeletal muscle samples were removed from the hind legs 
and the wet weight obtained in the same manner. Total water was measured 
in each sample by drying to constant weight at 105°C. Determinations of 
sodium, potassium, chloride, phosphorus, nitrogen, and fat were made on each 
of the serum and tissue samples by methods cited in previous communications (1). 

; Results. The electrocardiographic evidence of potassium poisoning. Our find- 
ings were essentially the same as those reported by Winkler, Hoff and Smith (10) 
in experiments on dogs receiving potassium chloride solutions in isotonic con- 
centration intravenously. In our experiments the duration of the QRS complex 
remained unaltered until the serum potassium concentration rose to about 8.5 
m.eq. per liter. Increases above this level brought about a progressive widening 
of the QRS. Figure 1 illustrates the relationship where the log of the QRS dura- 
tion is plotted against the log of the serum concentration of potassium. 

Analysis of the influence of potassium on the P-R interval shows that the 
critical concentration lies at about 11.0 m.eq. per liter. No progressive increase 
in the length of P-R could be detected as the critical level was approached. 
Beyond the critical serum concentration, P waves were no longer identifiable. 

Rate of increase of potassium concentration. It was observed that considerable 
differences could occur from animal to animal in the length of time from injec- 
tion of potassium to the disappearance of P waves. The animals showing early 
block tended to manifest this sign of potassium poisoning at lower serum concen- 
trations than those in which the interval was longer. It was also noted that 
the response of the animals to potassium injected intraperitoneally did not bear 
a strict relation to the dose given. In general few animals receiving 5 m.eq. 
per kilogram body weight or less showed signs of poisoning, and all receiving as 
much as 7 m.eq. per kilogram developed heart block. 
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Data from our experiments furnish evidence that the absolute level of serum 
potassium is not the sole factor determining the influence of potassium on the 
heart as suggested by Winkler, Hoff and Smith (10). In an earlier series of 
experiments Winkler and Smith (11) report that animals tolerate the adminis- 
tration of very large amounts of potassium given intravenously if the rate of 
administration is slow. An increasing concentration of serum potassium re- 
quired that the rate of absorption from the peritoneal cavity must exceed the 
rate of removal of potassium from the blood by all routes. Figure 2 illustrates 
the relationship between the rate of rise of serum potassium and the time required 
for block to appear. 

If the level of serum potassium were the sole factor responsible for the onset 
of heart block in the poisoned animals, one should expect far greater uniformit} r 
in the measured serum potassium concentration at the time of heart block than 
was observed in our experiments. The concentrations of serum potassium found 



Fig. 1 Fig. 2 

Figs. 1 and 2. The numbers beside the points on the curve in figure 2 indicate the con- 
centration of serum potassium at the time of heart block. 

at- the time of heart block ranged from 8.26 to 13.4 m.eq. per liter. One factor 
which may account for the appearance of block at relative!}' low serum potassium 
concentrations is a high rate of rise of serum potassium. In figure 2 the number 
beside each of the points on the graph indicates the serum potassium concentra- 
tion at heart block. In general, early block is associated with rapid rate of rise 
of serum potassium rather than with the higher concentrations of potassium. 
This relationship indicates that the influence of potassium on the heart may 
be determined by the rate of change of potassium concentration as well as by 
the absolute concentration reached. 

Electrolyte redistribution following potassium injection. In table 1 are pre- 
sented the terminal serum concentrations of electrolytes and those found on 
analysis of heart and skeletal muscle. While the concentrations of electrolyte 
in the heart are not normal there is no clear association of the abnormalities 
with heart block. 

Potassium. It will be noted that, per unit weight of tissue, the heart took 
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up far more potassium than skeletal muscle. In many cases the potassium of 
skeletal muscle was found to be lower than that of normal, untreated cats. This 
difference in potassium uptake may be only a result of the wide difference in 
circulatory minute volume through the two organs. 

The heart muscle potassium was raised significant!}'- in all animals receiving 
potassium intraperitonealhq except those deprived of extracellular phase elec- 
trodes bj r the injection and subsequent removal of 5.5 per cent glucose solution. 
Normal cat heart muscle contains 40.1 ± 0.7 m.eq. per 100 grams of fat-free 
dry tissue. The experimental group had heart potassium values from 43 to 
54 m.eq. per 100 grams of fat-free dry tissue. 

When the group of animals developing block is compared with those in which 
critical signs of potassium poisoning were not seen it is impossible to detect 
significantly higher concentrations of potassium in the “poisoned” hearts. Al- 
though the potassium concentrations expressed per unit weight of intracellular 
water were also uniformly higher than those found in normal hearts there was no 
significant difference between the poisoned and non-poisoned group. Even the 
reduction of intracellular phase volume by the injection of hypertonic sodium 
chloride-sodium bicarbonate solution failed to reveal any relation between intra- 
cellular potassium concentration and heart block. 

The influence of potassium on the redistribution of sodium and chloride. Nor- 
mal cat heart muscle contains sodium in excess of that which is present as a 
plasma ultrafiltrate. This conclusion is based upon calculation of the extra- 
cellular phase volume of the heart from the Ch (tissue chloride) and the [Cl], 
(plasma ultrafiltrate or extracellular phase of chloride concentration) 

, n (Cl), X 1000 _ fpil 

(1) (H 2 0), X 0.96 “ Je 

where (Cl), is the serum chloride concentration and (H«0)„ the serum water; 
[Cl], equals the chloride concentration in the extracellular phase. 

The size of the extracellular phase is derived from: 

(Cl), X 1000 


( 2 ) 


[Cl], 


= (HaO) 


* 1 


extracellular water in grams per 100 grams of fat-free dry tissue, where (Cl), is 
tissue chloride in m.eq. per 100 grams of fat-free dry tissue. 

The sodium contained in the extracellular phase as a plasma ultrafiltrate is: 

[Na], X (HaO), 


(3) 


1000 


= (Na)/, 


= m.eq. of extracellular phase sodium per 100 grams of fat-free dry tissue. 

If all of the sodium present is dissolved as a plasma ultrafiltrate, then: 

(Na), = (Na)/ 

Substitution in equation (3) of values obtained on normal cat hearts gives: 

155.8 X 144 


1000 


= 22.4 = (Na)/ 


= m.eq. of extracellular phase sodium per 100 grams of fat-free dry tissue. 
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The Xa. obtained b\ r analysis of heart muscle is 24.4 m.eq. per 100 grams of 
fat-free drj r tissue, or 2 m.eq. per 100 grams which are either in the cells or in 
some way removed from free diffusion through extracellular fluid. 

The data from experiments on KCl-treated rats show a relative increase of 
chloride over sodium. This observation indicates that the volume of extra- 
cellular fluid that would contain sodium cannot contain all the chloride. It fol- 
lows, therefore, that extracellular fluid cannot be measured from the serum 
chloride and tissue chloride but must be measured by similar equations involving 


TABLE 2 

Penetration of intracellular space by chloride in potassium-treated cats 




[Nal t 

fCllf 

H,Ot 

(basis Xa) 


Cl, 


“extra 

CAT 

block 

m.eq. per liter serum 
ultrafiltrate 

m.eq. per 100 pm. fat- 
free dry tissue 

[Cl), 

chloride” 
[Cl], - [Cl], 

I 









2 


162.0 

126.3 

149 

24.1 

19. S 

■ 

6.5 

4 

— 

150.3 

133.3 

142 

21.4 

22.2 

I 

23.0 

7 

— 

150.5 

127.4 

121 

IS. 2 

1S.0 

148.8 

21.4 

9 

— 

133.0 

136.2 

149 

19.9 

21.1 

141.6 

5.4 

11 

— 

166.0 

141.6 

147 

24.4 

24.6 

167.3 

25.7 

13 

i 

147.2 

131.2 

i 

134 

19.7 

1S.1 

135.1 

3.9 

Mean X 

14.3 

S.E. X 








±5.3 








1 

+ 

! 160.6 

124.3 

' 140 

22.5 

20.5 

146.4 

22.1 

3 

a_ 

• 

168.9 

131.5 

164 

27.7 

23.0 

140.2 

8.7 

0 

+ 

161.5 

135.1 

139 

22.4 

21. S 

156.8 

21.7 

6 

+ 

149.0 

123.7 

130 

19.4 

22.0 

169.2 

45.5 

S 

+ 

149.1 

140.5 

120 

17.9 

19.0 

158.3 

17. S 

10 

+ 

154.0 

137.5 

171 

26.3 

25.3 

148.0 

10.5 

12 

» 

141.0 

131.2 

155 

21.9 

25.1 

161.9 

30.7 

14 

+ 

156.0 

135.7 

136 

i 

22.2 

23.0 

169.1 

33.4 


Mean X. 
S.E. X.. 
P 


23.8 

±5.7 

0.04 


sodium. Using these equations one obtains values for tissue chloride in excess 
of the amount which could be present as a constituent of plasma ultrafiltrate. 
This “excess chloride” is either within the cells or in some way excluded from 
free diffusion through the extracellular phase. 

Table 2 presents data on animals receiving KCI only. The “excess chloride” 
in the hearts of the potassium poisoned animals reached a mean of 23.8 ± SE 
X 5.7 m.eq. per liter, while animals showing no signs of poisoning had 14.3 d= SE 
X 5.3 m.eq. per liter. The difference between these two means is statistically 
significant, having a P value of 0.04 obtained by the use of Fisher’s formulae 
and probability tables for small series (14). 
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The displacement of sodium and the apparent intracellular penetration of 
chloride shown by the data in table 2 are observations which are consistent with 
the concepts of Conway and Boyle (12) and of Dean (13) who points out that 
in skeletal muscle “. . . when external potassium is high there will be so little 
sodium in the fibers . . . that it will be difficult to establish that the fibers con- 
tain sodium.” 

Discussion. The above experiments show that there is no necessary rela- 
tionship between the amount of potassium found in the heart and the appearance 
of signs of potassium poisoning. Heart muscle, like skeletal muscle, in the 
presence of increasing concentrations of potassium in the plasma takes up potas- 
sium and loses sodium from the cells. In addition to these exchanges of mono- 
valent j basic ions in the heart muscle there is evidence that chloride either pene- 
trates the cell membranes or becomes occluded in such a way that part of it is 
no longer freely dissolved in the extracellular phase. Hearts showing signs of 
potassium poisoning are found to contain a larger proportion of intracellular 
chloride than those which were unaffected. If a strict quantitative relation 
existed between the amount of intracellular chloride and the appearance of signs 
of poisoning it should be similar to that demonstrated by Winkler, Hoff and 
Smith (10) for serum potassium and the electrocardiographic evidence of potas- 
sium influence on the heart. While a general association of large chloride pene- 
tration with poisoning can be shown, it is not possible to detect a uniform trend 
in this relationship. 

/ The rate at which the potassium rises in the serum and presumabty the rate 
(of its penetration of cells in the heart is an important factor. It was observed 
that in every case but one where signs of poisoning appeared at serum concentra- 
tions below 10.0 m.eq. per liter, the rate of rise was above 0.33 m.eq. per liter 
per minute. This serves to emphasize that the tissue and blood samples 
were obtained in these experiments at a time when changes were taking place 
rapidly. Therefore, it is not surprising that the electrolyte and water distribu- 
tion do not conform to the values which were predicted bj r the equations based 
upon equilibrium states in muscle bj” Conway and Boyle (12), Dean (13) and 
other workers. The variability of heart water and intracellular electrolyte con- 
centrations observed in our experiments is consistent with similar phenomena 
observed in cats subjected to alteration of extracellular electrolyte concen- 
tration (6). 

Since the electrocardiographic evidence of potassium poisoning is charac- 
terized by signs of diffuse interference with conduction, it is possible that these 
changes are the result of damage to which the cells of the conducting system are 
more susceptible than the rest of the heart. Critical changes in the pattern of 
distribution of inorganic ions might occur in the Purkinje system and be con- 
cealed from detection b.y chemical analysis of the whole heart. In addition it is 
known that damaged cells may lose their ability to maintain the physiological 
distribution of inorganic ions and tend to behave as inert physico-chemical sys- 
tems at the mercy of diffusion pressures. If widely dispersed groups of heart 
muscle fibers were damaged by the increasing potassium concentrations or by 
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events which were the consequence of the rise in potassium, the electrolyte 
analysis of the whole heart would yield values which would represent the sum 
of both intact and damaged cell contents in unknown proportions. While our 
experiments contain no specific evidence on this point, it is possible that the 
effects we observed were secondary to coronary vasoconstriction induced by the 
high serum potassium concentrations (15). 

SUMMARY 

1. Heart, skeletal muscle and serum electrolytes and water analyses were 
made on 23 cats in which the electrocardiograph was used to detect potassium 
poisoning. 

2. Potassium poisoning, as judged from the disappearance of P waves from 
the electrocardiogram, occurred when the serum potassium reached 11.0 m.e'q. 
per liter, but was detected in some cases at lower serum concentrations if the 
rate of rise of potassium was faster than 0.33 m.eq. per liter per minute. 

3. No quantitative relationship could be demonstrated between the amount 
of potassium found in the heart and the appearance of potassium poisoning, 
although both the heart and skeletal muscle were found to take up potassium 
readily if the plasma concentration is elevated. 

4. The uptake of potassium by the heart is associated with the loss of sodium 
and the appearance of considerable quantities of chloride in the intracellular 
phase. 

5. The above observations are discussed in relation to their significance in 
potassium poisoning. 
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A difference in the distribution of the right as compared with the left vagus 
nerve supply of the heart is known from the results of electrical stimulation of 
the cut nerves. Thus stimulation of the right vagus commonly results in a 
sinus bradycardia or sino-atrial block while similar excitation of the left vagus 
often produces atrio-ventricular dissociation, i.e., A-V heart block, in addition to 
depression of the S-A node (3, 4, 9, 20). Anatomical studies (17, 22) have not 
yielded clear-cut evidence regarding a difference in the distribution of the cardiac 
vagi. In general they agree that the parasympathetic preganglionic fibers 
terminate in ganglia above the coronary sulcus, that no such terminations are 
to be found in the ventricles and that the latter receive few if any postganglionic 
parasympathetic fibers. 

Reflex excitation of the vagus nerves in response to massage of the carotid 
sinuses of man (18, 21), and to a rise of blood pressure produced by pressor 
compounds such as pitressin (5, 6, 7, 19) and ephedrine (2, 14) often results in 
A-V block as well as depression of the sino-atrial node. The present report 
represents an attempt to analyze the role of each vagus in the production of the 
changes in the heart beat which occur in response to a rise of blood pressure. 

Method. Healthy full-grown dogs were trained to lie quietly while attached 
in the usual manner to the leads of an electrocardiograph and while submitting 
to venepuncture. In the majority of preparations the sympathetic innervation 
of the heart had been abolished by bilateral removal of the stellate and upper 
6 thoracic sympathetic ganglia. In several the medullae of the adrenal glands 
had been destroyed by cauterization. Vagotomy was performed high in the 
neck. In those cases in which both vagi were cut the animals were kept in good 
condition for several days by the administration of 10 per cent glucose by vein. 
Four groups of dogs were prepared. In the first group consisting of 14 dogs 
the right vagus was cut and the left vagus remained intact. Of this group 9 
had been subjected to bilateral removal of the sympathetic nerves of the heart, 
2 to both removal of the sympathetics of the heart and destruction of the adrenal 
medullae, 1 to removal of the right s^ympathetics of the heart, and 2 to no pre- 
vious operations. 

In the second group consisting of IS dogs the left vagus was cut and the right 
vagus remained intact. Of those in this group 6 had been subjected to bilateral 

1 Aided by a grant from the John and Mary R. Markle Foundation. 

: Research assistant supported by a grant from the General Research Fund of the Oregon 
State System of Higher Education. 
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removal of the sympathetic nerve supply of the heart and to destruction of the 
adrenal medullae, 6 to bilateral removal of the sympathetic nerve supply of the 
heart, and 6 to no previous operations. 

The third group consisted of 20 dogs in which both vagi remained intact. 
Four of these had been subjected to removal of the sympathetic nerve supply of 
the heart and destruction of the adrenal medullae, 6 to adrenal demedullation, 

3 to removal of the S3'mpathetic nerve supply of the heart, and 7 to no previous 
operation. 

The fourth group consisted of 28 dogs in which both vagus nerves had been cut. 
Eleven of these animals previously had been subjected to bilateral removal of 
the sympathetic nerve supply of the heart and to destruction of the adrenal 
medullae, 12 to removal of the sympathetic nerve supply, and 5 to no previous 
operations. 

Electrocardiograms were recorded continuously during a period beginning 
15 to 30 seconds before onset of the injection of the pressor compounds neo- 
synephrin hydrochloride, pitressin, 3 or angiotonin, 4 and ending after the period 
of maximal depression of the heart. The neosynephrin was injected intra- 
venously bjr means of a constant-rate injection apparatus at the rate of 1, 2 or 

4 cc. of a 1 to 10,000 dilution per minute. Injections were continued usually 
during a period of 60 to 90 seconds. Pitressin was injected intravenously in a 
dose of 0.5 to 1.0 pressor unit, or in a few experiments intramuscularly or subcu- 
taneously in a dose of 1.2 to 4.0 pressor units. Angiotonin equivalent to a 
1:250,000 adrenalin solution was injected at the rate of 4 cc. per minute by 
means of the constant-rate injection apparatus. A short period of rest on the 
table after insertion of the needle in a vein permitted the heart to reach a fairly 
constant rate before onset of injections. All experiments were performed on 
the unanesthetized animal. 

In the interpretation of the records A-Y heart block was said to be present 
when one or more P waves failed to be followed by a ventricular complex. 

Results. 1. Dogs ivhosc rigid vagus had been cid and whose left vagus remained 
intact, i.e., left vagus dogs. In 27 of a total of 37 experiments on 14 dogs a partial 
A-V heart block occurred in response to the injection of neosynephrin. Only 
one animal of the series failed to respond with at least one record of such a block. 
In all experiments there occurred a marked slowing of the atria, the rate falling 
from a pre-injection average of 93 beats per minute to a post-injection average 
minimum of 54 per minute. Ectopic beats of ventricular origin were observed 
frequently after the first three or four 15-second intervals following the onset 
of injection. 

In 7 of a series of 10 experiments on 7 of the dogs of this group a partial A-Y 
heart block occurred following the injection of pitressin. Only 1 of the 7 animals 
failed to develop a block at least once. All of the experiments resulted in slowing 

3 Parke Davis preparation. 

4 Made available in sufficient amounts to perform a few experiments through the courtesy 
of Dr. It. It. Chen, Eli Lilly and Co., Indianapolis. 
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of the atria, the rate falling from a pre-injection average rate of 94 beats per 
minute to a post-injection average minimum of 5S per minute. 

In a single experiment the injection of angiotonin was followed by the develop- 
ment of a 2: 1 A-V heart block, as well as atrial slowing from a pre-injection level 
of 60 per minute to a post-injection minimum of 38 per minute. 

The results of this group of experiments are included in table 1 and illustrated 
in figure 1. 

2. Dogs whose left vagus had been cut and whose right vagus remained intact, 
i.e., right vagus dogs. In 28 experiments on the 12 dogs of this group there oe- 

TABLE 1 


The role of the right mid left vagus nerves in the depression of the heart which occurs in response 
to the rise of blood pressure produced by ncosynephrin , pitressin and angiotonin 


TYPE or 
ANIMAL* 

PRESSOR COMPOUND 
USED 

y 

NO. OK 
EXPERI- 
MENTS 

f 

NO. 

OF DOGS 
USED 

AVERAGE ATRIAL RATESf 

NO. OF EXPERIMENTS SHOWING 

Before 

injec- 

tion 

During 120 
seconds after 
injection 

A-V 

nodal 

block 

A-V 

nodal 

rhythm 

A-V 

nodal 

beats 

i 

Ectopic 

vent. 

beats 



Left 

Ncosynephrin 

37 

14 

93 

93 

54 

27 

0 


7 

vagus 

Pitressin 

10 

7 

94 

p3 

5S 

7 

0 


0 

intact 

Angiotonin 

1 

1 

! CO 

60 

3S 

1 

0 


0 

Right 

Ncosynephrin 

28 

12 

S9 

92 

50 

0 

4 

1 

9 

vagus 

Pitressin 

12 

6 

92 

85 

42 

0 

1 

1 

0 

intact 

Angiotonin 

1 

1 

135 

12S 

90 

0 

o- 

0 

0 

Both 

Neosynephrin 

39 

13 

SI 

S6 

52 

s 

1 

0 

3 

vagi 

Pitressin 

9 

4 

92 

90 

30 

2 

0 

0 

0 

intact 

Angiotonin 

1 

1 

SI 

SI 

SI 

0 

0 

0 

0 

Both 

Neosynephrin 

44 

26 

115 

133 

114 

0 

0 

0 

S 

vagi 

Pitressin 

12 

11 

125 

125 

US 

0 1 

0 

0 

0 

cut 

Angiotonin 

1 

1 

158 

: 

160 

153 : 

1 

0 

0 

0 

0 


* Left, vagus intact refers to the dogs in which the right vagus had been cut and the left 
remained intact. Right vagus intact refers to those in which the left vagus had been cut 
and the right remained intact. 

t Average atrial rates represent arithmetical average of the rates per minute determined 
during 15 second intervals. 

curred no instances of A-V heart block in response to the administration of neo- 
synephrin. Intense vagal depression of the heart however did occur as mani- 
fested by the slowing of the heart rate from a pre-injection average of 89 per 
minute to a post-injection average minimum of 50 per minute. In 4 of the 28 
experiments, 2 dogs developed A-V nodal rhythm, and in 1 additional case a few 
A-V nodal beats were recorded. Ectopic ventricular beats were noted in 9 
experiments. 

In 12 experiments on 6 dogs of this group the administration of pitressin was 
followed by marked slowing of the atria, the average pre-injection rate being 92 
beats per minute and the average post-injection minimal rate being 42 per minute. 
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There was recorded one instance of A-Y nodal rhythm, one of A-V nodal beats 
and no case of A-Y heart block. 

In a single trial angiotonin produced only a slowing of the atria from a pre- 
injection rate of 135 beats per minute to a post-injection minimal rate of 90 
per minute. 

The results of this group of experiments are included in table 1 and illustrated 
in figure 1. 

3. Dogs in which both vagus nerves remained intact. In only 8 of a total of 39 
experiments involving 6 of the 13 dogs studied, administration of neosynephrin 
was followed b 3 r a partial A-Y heart block. In one experiment A-V nodal rhy thm 
was recorded. The average pre-injection atrial rate was 81 beats per minute 
and the average minimal post-injection rate was 52 per minute. 

In only 2 experiments on 2 animals of a series of 9 experiments on 4 animals, 
the injection of pitressin resulted in partial A-V heart block. A-V nodal rhythm 
and A-V nodal beats were not observed in this group of experiments. The aver- 
age pre-injection atrial rate was 92 per minute and the average minimal post- 
injection rate was 30 per minute. 

In the single experiment of this group in which it was used, angiotonin failed 
to produce a change of heart rate. 

The results of this group of experiments are included in table 1 and illustrated 
in figure 1. 

4. Dogs in which both vagus 7iewes had been cut. In 44 experiments on 26 
vagotomized dogs no A-V heart blocks, A-V nodal rhythms or A-V nodal beats 
developed in response to the administration of neosynephrin. The average pre- 
injection atrial rate was 115 per minute, the average minimal post-injection rate 
was 114 per minute, and the average post-injection maximal rate was 133 per 
minute. 

In 12 experiments on 11 of the vagotomized dogs, pitressin produced no 
A-V heart block, no A-Y nodal rhythm and no A-V nodal beats. The average 
pre-injection rate in these 12 experiments was 125 beats per minute, the average 
maximal post-injection rate was 125 per minute, and the average minimal post- 
injection rate was US per minute. 

The results of this group of experiments are included in table 1 and illustrated 
in figure 1. 

In order to demonstrate the relative importance of direct cardiac effects of 
neosynephrin data were studied from a series of 41 experiments on 23 of the dogs 
whose hearts had been completely denervated by bilateral removal of the stellate 
and upper 5 or 6 thoracic- sympathetic ganglia and bilateral vagotomy high in 
the neck. The results of these experiments are illustrated in table 2. They are 
concerned with heart rates counted before and during 15 second intervals after 
the onset of injection of neos 3 Tiephrin hydrochloride. During the first 15 to 30 
seconds after the onset of injection, slowing of the heart of more than 2 beats 
per minute was recorded in only 2 of the 41 experiments. In one of these the 
rate was decreased 4 beats and in the other 12 beats per minute. Subsequent 
to the first or second 15 second interval after the onset of injection, the heart 
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rate was increased in all but 2 of the 41 experiments. The increases ranged 
from 0 to 72 beats per minute, or from 0 to 70 per cent. In 31 of the experiments 
they ranged from 0 to 22 beats per minute, or from 0 to 21 per cent. The time 
at which the maximal increase occurred ranged from 15 to 165 seconds after onset 
of injection. In 34 of the 41 experiments the maximal increase in heart rate 
occurred between 60 and 90 seconds after the onset of injection. In 2 cases 
ventricular tachycardia developed after a period of acceleration had been re- 
corded. A premature systolic arrhythmia (pulsus bigeminus) was recorded in 
one case. A typical experiment of this group is shown in figure 1. 

The effect of pitressin on the completely denervated heart is demonstrated 
by the data of table 3. In 7 of the 9 experiments on 8 dogs, the injection of 
pitressin was followed either by no depression of heart rate or by a slowing of 
not more than 6 beats per minute. In 1 case there developed a slowing from 

TABLE 2 


Effect of neosjjncphrin on the denervated heart — 10 typical experiments 








IIEART BEATS PER MINUTE 



DOG 

NO. 

WElGnT 

ADRENAL 

MEDULLA 

CC. PER 
MIN.* 

Before 



IS sec. periods after inject. 






injection 

l 

2 

3 

i 

5 

6 

7 

17 

kilos 

10.5 

Intact 

2 

96 

96 

1 

96 

102 

10S 

116 

120 


19 

10.5 

Intact 

2 

110 

110 

no 

114 

ns 

126 

136 

146 

30 

9.1 

Intact 

4 

no 

no 

112 

120 

126 

136 

14S 


14 

9.5 

Intact 

2 

126 

126 

128 

132 

134 

136 

136 

13S 

21 

13.2 

Intact 

2 

128 

128 

12S 

132 

134 

1 134 

140 


22 

8.2 

Intact 

4 

120 

120 

12S 

148 

162 

176 

18S 

192 

25 

13.6 

Out 

4 

130 

130 

130 

132 

136 

140 

150 


28 

10.5 

Out 

4 

118 

118 

124 

132 

142 

150 

15S 

165 

34 

9.1 

Out 

4 

92 

94 

94 

100 

112 

128 

160 

136 

35 

13.6 

Out 

2 

98 

98 

100 

100 

102 

104 

106 

106 


* The neosynephrin was injected as a 1 to 10,000 dilution. 


a pre-injection rate of 114 beats per minute to a post-injection rate of 94 per 
minute and in another from 108 to lOCfper] minute. 

Discussion. The advantages to lie gained bj r avoidance of anesthesia in 
experiments on the reflex depression of the heart in response to a rise of blood 
pressure are well-known. They concern principally the fact that commonly 
used anesthetics depress the vagal reflexes. Similarly there are at least two 
distinct advantages of reflex stimulation as compared with direct electrical 
stimulation of the fillers of the vagus nerve. The first of these concerns the 
fact that electrical stimulation may well produce effects which are in excess of 
those which occur physiologically. The second concerns the possible presence 
of cardio-accelerator fibers in the vagus nerve (10). It may be assumed that any 
such fibers are activated along with the inhibitory fibers when electrical stimuli 
are applied. On the other hand the response of the fibers of the vagus to the 
plrysiological stimulus incident to a rise of blood pressure may well concern not 
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Doq 5 - Left vaqus dog. Upper seqme.nt : Before Injection and onset of injection, 
at artefact marked by arrow, of neosynephrin H0.000 at rate of 
4-cc per -minute ..Lower segment’- £:\ A-V Mock 49 seconds after 
onset of infection 


•' /:) AD 7 :' 
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Doq 4- Riqht vagus dog. Upper segment : Before infection and onset 
of injection, at artefact marked by arrow, oF neosynephrin 
\- 10, 000 at rate of Zc.c. per minute. 

Lower segment - A-V rhythm 90 seconds after onset of infection 
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Doq 2. Danervo-ted. Heart Upper segment • Before injection and. onset 
of infection, at artefact marked. Soy arrow , of neosynephrin 
i- 10,000 at rate of Ic.c. per minute. Rate U3 /min. Lower seqmenf. 
Moderate tachycardia, 00 seconds after onset of inj. Rate 126/ mvn. 
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ion at artefact marked by arrow, oF Pitressin I ’/4 press or units. 
Lower record- Partial A-V. biock first evident at 22 seconds 
after onset of infection. 
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only activation of the vagal cardio-inhibitory fibers but also reciprocal inhibition 
of cardio-accelerator fibers. It seems clear then that there are very distinct 
advantages to be gained by the use of the method outlined. 

During the early experiments on the problem the animals were subjected to 
removal of the sympathetic nerve supply of the heart and destructive cauteriza- 
tion of the adrenal medullae before carrying out the experiments on reflex activa- 
tion of the vagi. It soon became apparent however that these procedures had 
no obvious influence on the results insofar as the}' are concerned with the produc- 
tion of heart block. In the later experiments as indicated under method most 
experiments were carried out on animals whose sympathetic nerves to the heart 
and whose adrenal medullae remained intact. It of course must be recognized 
that the heart rates in the case of the latter animals may be influenced to some 
extent by reflex depression of the sympatho-adrenal mechanism (1). The heart 
rates presented in table 1 must be interpreted with the above facts in mind. 
The.y are included in the table in order to illustrate the degree to which the 

TABLE 3 


Effect of pitressin on the denervaled heart 


DOG 

NO. 

WEIGHT 

ADRENAL 

MEDULLA 

DOSE 

HEART BEATS PER MINUTE 

Before 

injection 

15 sec. periods after injection 


2 

3 

■ 

5 

6 

7 

8 


kilos 


/>.«.• 


■ 








22 

8.2 

Intact 

1.6* 



88 

88 

88 


88 

ss 


25 

13.6 

Out 

0.5 

Wtl 

a 

108 

102 

9S 


9S 

96 

94 

30 

9.1 

Intact 

2.0* 

10S 

■BM 

106 

106 

106 

106 

106 

106 


34 

9.1 

Out 

0.5 

10S 

106 

102 

104 

104 

104 

100 

102 


34 

9.1 

Out 

1.0 

90 

90 

ss 

88 

92 

90 

94 

96 

90 

35 

13.6 

Out 

0.5 

96 

96 

95 

96 

96 

102 

102 



55 

12.3 

Out 

1.0 

144 

144 

144 

142 

142 

144 




57 

17.0 

Out 

1.0 

130 

130 

130 

130 

126 

124 




5S 

9.1 

Out 

1.0 

162 

162 

160 

160 

162 






* Dose is recorded in pressor units. In the case of dog 22 the injection was intramuscu- 
lar and in that of dog 30 subcutaneous. All others were intravenous. 


heart was affected in response to the pressor compound injected. Thus it is 
clear that the heart rate was profoundly depressed both by neosynephrin and 
b} r pitressin. Similarly it is evident that the rate is depressed to about the 
same degree in the left vagus group as it is in the right vagus group. In view of 
these facts the difference in the distribution of A-Y heart block appears to be 
significant. 

The pressor compounds neosynephrin, pitressin and angiotonin were selected 
because of the fact that each produces a rise of blood pressure in response to 
peripheral vasoconstriction. The direct stimulatory influence of neosynephrin 
on the heart has been partially avoided by taking advantage of the fact that the 
threshold for direct cardiac stimulation by the compound is relatively high as 
compared with that for vasoconstrictor action (23). However as noted in 
figure 1 neosynephrin produced some elevation of the rate of the denervated 
heart in those experiments in which the lowest of the 3 injection rates was 
employed. As indicated in the results and in table 2 neosynephrin failed to 
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depress the rate of the denervated heart in all but 2 of 41 experiments on 23 of 
the dogs. The two exceptions represented in one case a decrease of 4 beats per 
minute and in the other of 12 beats per minute. Both occurred during the first 
15 second interval following the onset of injection. Following this interval the 
rate increased in all but two of the 41 experiments. 

These results do not support the suggestion of Iveys and Violante (11) that 
neosjmephrin is capable of producing a primary bradycardia by inhibition of 
the sino-atrial node, and that this inhibition is independent of blood pressure 
reflexes involving the vagus nerve. They would seem to offer strong evidence 
against a direct inhibitory influence of neosynephrin on the heart. Therefore 
the recorded evidences of cardiac depression in the normal dogs and in those 
having partially denervated hearts used in the present study are interpreted on 
the basis of reflexes which arise as a result of the increase of blood pressure pro- 
duced by the vasoconstiiction caused by neosynephrin. 

The dosage of neosynephrin was varied as indicated in the results. The rate 
of 1 cc. per minute was used in 2 of the experiments on right vagus dogs, in 2 on 
left vagus dogs, in 2 on those in which both vagi had been cut, and in none on 
those in which both vagi remained intact. In the remaining experiments the 
choice between a rate of 2 cc. and 4 cc. per minute was made usually on the 
basis of size of the animal. Examination of the data reveals no evidence that 
variation of injection rate played any part in controlling the incidence of A-V 
block or A-V nodal rhythm as recorded in table 1. 

The pressor compound pitressin undoubtedly produces depression of the heart 
principally through reflexes initiated as a result of the rise of blood pressure 
which follows its vaso-constrictor action. However evidence has been pre- 
sented by Kolls and Geiling (13), Resnik and Geiling (19), Ceiling and Resnik (5), 
and Gruber and Ivountz (6, 7) that removal of vagal action by atropinization 
or by vagotomy does not abolish although it does reduce the cardiac depressant 
action of pitressin. This action was attributed by Gruber and Ivountz (6, 7) 
to coronary vasoconstriction and direct effects of the compound -on the myo- 
cardium. Melville (16) reported that ephedrine prevents the depressant action 
of posterior pituitary extract on the vagotomized or atropinized heart. He 
attributed this result to the vasodilator influence of ephedrine on the coronary 
vessels and concluded that posterior pituitary depresses the heart in part through 
its vasoconstrictor action on these blood vessels. It may reasonably be assumed 
that reflex depression of the sympathetic cardio-accelerator mechanism was 
responsible for at least a part of the slowing observed in the experiments of 
the above authors. 

As indicated by the data of table 3 and results published in a previous report 
(S) pitressin either fails to produce slowing or causes only a moderate slowing of 
the completely denervated heart. Thus of the 9 experiments on 8 dogs recorded 
in table 3, 6 show no reduction of more than 2 beats per minute and the remaining 
3 a reduction of 6, 8 and 20 beats. Of the 3 experiments included in the previous 
report (8) 2 indicated no slowing and 1 a slowing of only 2 beats per minute. 
It seems reasonable on the basis of these results to attribute the depression of 
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the heart observed in normal dogs and in those having partially denervated hearts 
principally to reflex influences initiated by the rise of blood pressure produced 
by the pitressin. 

In a single experiment the injection of angiotonin resulted in a decrease in 
rate of the denervated heart from 158 to 153 beats per minute, a degree of 
inhibition which may be regarded as insignificant. Therefore the slowing of 
the heart observed in the normal dogs and in the dogs having partially denervated 
hearts may be interpreted as being due to reflexes initiated in response to the 
rise of blood pressure produced bj r the angiotonin. 

The possibilit 3 r of course must be recognized that an 3 ' or all of the above 3 
pressor agents ma 3 r exert a direct influence on the activit 3 ’ of the vagal nuclei and 
thus cause showing of the heart. Such an action has been suggested b 3 r Keys 
and Violante (12) for neos 3 r nephrin. In view of the similar responses obtained 
in the case of the three distinct pressor compounds, it has not seemed necessary 
to postulate that a direct central action of neosymephrin was involved in our 
experiments. 

The results obtained on the left vagus dogs, i.e., those whose right vagus was 
cut and left vagus remained intact, indicate that depressed A-V nodal conduction 
is a prominent feature of the inhibition produced reflexly through the left vagus. 
Thus a partial A-V nodal block was recorded following the injection of neosym- 
ephrin in 27 of a total of 37 experiments on 14 dogs of this group. A similar 
result was observed in 7 of 10 experiments on 7 of the left vagus dogs following 
injection of pitressin, and in a single experiment in which angiotonin was used. 
It will be noted that marked depression of the S-A node is a common feature of 
the experiments involving depression of the heart through the left vagus. It is 
clear then that reflex excitation of the left vagus in response to a rise of blood 
pressure in the unanesthetized animal is capable of resulting in depression of the 
S-A node to the point of producing marked sinus brady r cardia, and the A-V node 
to the point of producing A-Y heart block. 

In the 28 experiments on 12 dogs prepared by removal of the left vagus, i.e., 
right vagus dogs, sinus bradycardia uniformly was the most prominent feature of 
the response to the pressor compounds. In no case was there evidence of any 
degree of A-V heart block. An A-Y nodal rhythm was observed following the 
administration of neos 3 r nephrin in 4 experiments involving 2 dogs and a few A-V 
nodal beats were recorded in a single additional case. Similar results were re- 
corded in experiments involving pitressin in which all of the 12 experiments on 6 
dogs demonstrated a marked sinus brady r cardia, 1 an A-V nodal rhythm, and 
none an A-V block. A single experiment using angiotonin resulted only' in a 
sinus bradycardia. These results offer no evidence in favor of a depressor action 
of the right vagus nerve on the A-V node. Examination of the P-R intervals of 
the electrocardiograms of this series reveals no evidence of depression of A-V 
conduction. 

As indicated in table 1, A-V nodal rhythm was recorded in a total of 5 experi- 
ments on right vagus dogs. This result is in agreement with that of Meek and 
Eyster (15) who observed A-V rhythm in 2 of 27 experiments in which the right 
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vagus of the dog was stimulated electricall} r . The development of this rhythm 
ma3 r be explained by assuming that the automaticity of the S-A node was de- 
pressed to a level below that of the A-V node by impulses traveling in the right 
vagus. In those experiments on right vagus dogs in which neosjmephrin was 
used, A-V rhythm may have been due in part to a direct stimulatory action of 
this compound on the A-V node. Such an effect would occur at a time when the 
S-A node was being subjected to the depressant action of the right vagus. That 
a stimulatory action on the A-V node is not essential to the development of A-V 
rhythm is indicated by the fact that pitressin resulted in the production of this 
rhythm in 1 right vagus dog. 


SUMMARY 

The pressor compounds neosynephrin, pitressin and angiotonin are capable of 
producing an inhibition of the heart which is best explained on the basis of re- 
flexes initiated in response to the rise of blood pressure resulting from their vaso- 
constrictor action. Administration of these pressor compounds may be said to 
result in a physiological activation of the vagus nerves. 

In experiments on dogs whose right vagus has been cut and whose left vagus 
remains intact, i.e., left vagus dogs, the response to the pressor compounds com- 
monly includes A-V heart block. Thus in tills group of animals A-V block fol- 
lowed the injection of neosynephrin in 27 of 37 experiments on 14 dogs, of pitres- 
sin in 7 of 10 experiments on 7 dogs and of angiotonin in a single experiment. 

In dogs whose left vagus had been cut and whose right vagus remained intact, 
i.e., right vagus dogs, no instances of A-V heart block occurred in response to 
injection of neosynephrin in 28 experiments on 12 dogs, of pitressin in 12 experi- 
ments on 6 dogs and of angiotonin in a single experiment. 

Physiological activation of either the right or the left vagus results in sinus 
bradycardia. No remarkable difference in the degree of heart slowing produced 
by the left as compared with the right vagus is evident. 

As a result of physiological activation of the right vagus the automaticity of 
the S-A node frequently is depressed to a level at which the A-V node takes over 
the function of pacemaker. Thus A-V nodal rhythm was observed in 4 of 28 
experiments using neosynephrin and in 1 of 12 experiments using pitressin. A-V 
nodal rhythm occurred in none of the experiments involving the left vagus group 
of dogs. 

The completely deneivated heart of the dog is not depressed bj r neosynephrin 
in the doses in which it was employed. 

In the majority of experiments pitressin fails to cause significant inhibition of 
the completely deneivated heart. When inhibition occurs it usually is of small 
degree. 
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Increase in the concentration of potassium in serum has been repeatedly re- 
ported in various types of secondaiy shock (1, 11). It has been suggested that 
this elevated concentration of potassium may be an important factor in producing 
the characteristic picture of traumatic shock, and may contribute to the fatal 
outcome. On the other hand, the picture of potassium poisoning is totally 
unlike that of traumatic shock (2, 3, 4). Also, concentrations of potassium 
considerably higher than those commonly found in shock are necessary in order 
to elicit any clinical evidences of toxicity (2, 5). The present study endeavors 
to define as exactly as possible the role of potassium in one variety of traumatic 
shock. 

Methods. Thirty-five dogs were used. Initial intrap eritoneal dial anesthesia 
was employed. Shock was produced by release of a tourniquet constricting one 
or more limbs, the tourniquet having been applied some hours before with suffi- 
cient firmness to occlude the arterial supply completely (6). Within an hour 
after the release of the constriction the affected limb had swollen markedly below 
the level of constriction, while there was an associated decline in the plasma 
volume to about 60 per cent of normal (7). Blood pressure was low, the periph- 
eral pulse was weak and unobtainable, and venous return from the periphery 
was markedly reduced. This state of affairs continued for a period varying from 
one to thirty-six hours, when death took place. At intervals blood samples were 
obtained for serum potassium analysis (8). In some experiments nonprotein 
nitrogen content of whole blood was determined (9). Electrocardiograms were 
obtained before and at frequent intervals after the establishment of shock. 
Every effort was made to observe the exact sequence of events at the moment 
of death, and to obtain electrocardiograms and blood samples just before and 
just after this event. Unfortunately this was not always possible. In certain 
supplementary experiments the effects of acute fatal anoxia on the serum potas- 
sium and on the electrocardiogram of the normal dog were studied. 

Electrocardiographic criteria of potassium poisoning. Potassium in elevated 
concentrations characteristically affects the electrocardiogram (2, 4, 10). Con- 
centrations above normal but less than 8 or 9 mM per liter affect the height and 
character of the T waves, and depress the ST segment. At a level of 9 or 10 
mM per liter P waves disappear. Slightly higher concentrations cause a widen- 

x Aided by grants from the Fluid Research Fund, Yale University School of Medicine. 

= We are indebted to Mr. C. E. McLean for assistance in observing the animals. 

s A preliminary report of these experiments has been published; Fed. Proc., 2: 1, (1943) 

p. 55. 


GSG 



POTASSIUM AND SHOCK 


687 


ing of the QRS complexes (intraventricular block), and a slight further increase 
in concentration is followed by cardiac arrest in diastole. Until intraventricular 
block is quite extreme, these changes are reversible with falling concentration, 
and are not accompanied by any change in blood pressure or respiration. During 
the extreme slowing and advanced intraventricular block just preceding complete 
arrest dyspnea first appears. Death characteristically occurs with cardiac 
arrest while the respirations are still very active. Since this sequence of events is 
invariably present with rising concentration of potassium, is found in no other 
known condition, and produces a mode of death which is so characteristic, there 


Heart, respiration 
stopped 

(less than 30 minutes) 


Respiration stopped, 
heart active 

Heart stopped, 
respiration active 

Heart , respiration 
active (shock present) 


Before shock 


0 5 10 15 20 

Serum potassium 
mM per liter 

Fig. 1, Concentrations of potassium in serum at various stages of secondary shock. 
Each square represents a single chemical determination. The concentration of potassium 
in serum was usually determined more than once in each animal. The solid squares repre- 
sent successive determinations in the single animal which certainly died of potassium 
poisoning. 
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should be no difficulty in determining whether or not potassium poisoning plat r ed 
any significant role in these experiments. 

Results. A. Serum -potassium concentration and mode of death. In figure 1 
the serum potassium concentrations from all experiments are related to the 
circumstances attending death in traumatic shock. Tins classification was 
necessary in view of the rapid changes which may occur in serum potassium con- 
centration immediately following respiratory failure. Frequently there was an 
abrupt rise with cessation of breathing, while the heart was still beating. I here 
was also very commonly a further sharp rise in the serum potassium within 
fifteen to thirty minutes after both heart and respirations had stopped, even 
before intravascular clotting had taken place. It is accordingly of the utmost 
importance in each experiment to determine the exact relationship of the serum 
sample taken for analysis to cardiac and respiratory activity. In the lowest tier 
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is shown the distribution of initial concentrations, while just above are represented 
the concentrations found at all stages of shock preceding death itself. On a 
statistical basis there is clearly an increased concentration of serum potassium 
after shock is well established. It is also true that there is a rise in each in- 
dividual experiment. In only one instance, however, did the concentration 
exceed 9 mM per liter (solid square). This occurred in the same animal whose 
serum potassium concentrations are represented by the solid squares above. In 
this one experiment the heart stopped while respirations were still active, a mode 
of death found in potassium poisoning, the serum potassium concentration 
both before and at the moment of cardiac arrest exceeding 10 mM per liter. The 
electrocardiographic changes were also indicative of potassium poisoning. This 
was the exceptional event; much more commonly respiration stopped while the 
heart was still actively beating. The concentrations of potassium in sera 
obtained after respirations had ceased but while the heart was still beating are 
shown in the line next to the top. Although six of the values are less than 8 mM 
per liter, two lie between 8 and 10, while two exceed 10 mM per liter. In the top 
line are shown the concentrations of potassium in uncoagulated sera obtained 
by cardiac puncture from two to twenty-five minutes after cessation of both 
respirations and heart. They illustrate the rapidity with which serum potassium 
may increase postmortem. 

B. Changes in blood nonprotein nitrogen concentration. The concentration of 
nonprotein nitrogen in whole blood was usually somewhat elevated at the time 
of death. In eighteen experiments in which this determination was made at or 
near the time of death, the average value was 69 mgm. per cent. There was a 
rough correlation with the time of survival following the development of shock. 
The highest value, 143 mgm. per cent, was found in the one certain case of death 
from spontaneous potassium poisoning, and the next highest, 113 mgm. per cent, 
in one of the suspected cases. Both these animals survived an exceptionally long 
time. All other values were distinctly lower, often not much exceeding 40 mgm. 
per cent. Correlation with terminal concentration of potassium was poor, 
mainly because of the rapid variation in the latter. Only in the case with the 
maximal elevation was the increase in the non-protein nitrogen concentration of 
the same general magnitude as that seen in animals with complete anuria (4). 
More often the rate of increase was rather less rapid. It is possible that some, 
but not all, of the increase of serum potassium in shock results from failure of 
normal renal excretion. 

C. Electrocardiographic changes. (1) Changes while respiration is active. 
During this period electrocardiographic changes were confined to inversion or 
change in the height of the T waves, with a lowering of the ST segment, 4 in all 
but three experiments. P waves were unaffected, changes in QRS complexes 
and block of any sort were notably absent. In the three exceptional cases 
changes of another sort gradually developed. Following certain T wave changes, 

4 Figures presenting actual electrocardiograms illustrative of the various changes 
described in the ensuing paragraphs have been omitted in the interests of economy of 
publication. 



POTASSIUM AND SHOCK 


6S9 


the P waves disappeared, and intraventricular block then developed. Cardiac 
arrest occurred while respirations were still active. A short period of dyspnea 
followed cardiac arrest. This is the same unique case represented by the solid 
squares in figure 1, whose serum potassium was greater than 10 mM per liter 
before any alteration of respiration or of cardiac automaticity. The electro- 
cardiographic sequence, the mode of death, and the level of potassium in serum 
both before and at the time of death, are all entirely characteristic of potassium 
poisoning. 

(2) Changes after respirations ceased or became ineffective. These were found 
in all except the three exceptional experiments noted in the preceding paragraph. 
In a few cases cardiac and respiratoiy arrest were almost simultaneous, but in 
most instances the electrocardiographic complexes persisted for some time after 
respiratory arrest. Occasionally there would be one final gasp after a minute 
or so of complete apnea, and this might coincide with the final complexes. As 
was pointed out in the preceding paragraph, the changes prior to respiratoiy 
arrest were confined to alterations in the T wave and in the ST segment. After 
respiratory arrest at least two sequences were observed. Complexes of the 
usual form might continue until cardiac arrest, usually with a few disorganized 
complexes just before the end. The serum potassium in these cases never ex- 
ceeded 8 mM per liter. On the other hand, a sequence of changes usually asso- 
ciated with a rising concentration of serum potassium might make their ap- 
pearance in the few moments following respiratory arrest. In a typical instance 
of this kind the serum potassium at the end of the sequence was 12.2 mM per 
liter, although not long before respiratoiy arrest it had been only 7 mM per liter. 
The reasons for the marked rise of serum potassium in some experiments but not 
in others is obscure. It seems reasonable to interpret the second tjqie of se- 
quence as a secondary reaction of the agonal electrocardiogram to the terminal 
release of potassium. The true cause of death, however, is the respiratory 
failure with consequent anoxemia. 

D. Effects of acute fatal anoxia on serum potassium. In figure 2 are presented 
the effects of sudden respiratory cessation on the serum potassium of dogs not 
in a state of shock. After dial anesthesia was established, the chest was opened 
and artificial respiration instituted. After a time this was suddenly stopped. 
An elevation of the serum potassium developed within a minute or two, while 
the heart was still beating actively. These experiments are frequently compli- 
cated by decline in the serum potassium during the period of artificial respiration, 
whether as a result of overventilation or from some other cause. The experi- 
ments nevertheless prove that an acute terminal rise in the serum potassium with 
respiratoiy failure may occur in animals whose circulatory status was normal, 
as well as in those suffering from shock. In the latter state the serum potassium 
prior to respiratory arrest was usually higher, so that the concentrations attained 
in the blood at the time of final arrest were also frequently higher than those 
found in the experiments of figure 2. 

Discussion. These experiments confirm the regular appearance of an in- 
creased serum potassium in traumatic shock. General tissue anoxia and defec- 
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tivc renal excretion both contribute to this increase. However, this increase of 
serum potassium is as a rule too small to cause any serious cardiac -derangement. 
The electrocardiographic evidence alone suffices to prove that cardiac. arrest due 
to potassium poisoning is not the usual cause of death in this type of traumatic 
shock. Indeed, the absence of anj^ premortal electrocardiographic changes cx- 



Fig. 2. The effects of sudden acute fatal anoxia on the serum potassium of dogs not in 
shock. The experimental procedure is described in the text. Crosses indicate determina- 
tions made while the heart was still beating, squares samples obtained after cardiac arrest. 
There is regularly an acute rise in the concentration of potassium in serum within five to 
ten minutes after stopping artificial respiration. 

cept T wave inversion emphasizes the probable relative unimportance of myo- 
cardial damage in the functional pathology of shock. 

At the same time these studies do explain some inconsistencies in the literature. 
It is true that typical cardiac arrest from potassium autointoxication may ex- 
ceptionally be the terminal event. The single completely proven case occurred 
in an animal remaining in a state of shock for an unusually long period. . This 
animal’s renal function must have been almost abolished during the period of 
shock, since the blood nonprotein nitrogen after thirty-six hours of shock had 
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risen to 143 mgm . per cent. This increase is as great or greater than that observed 
in completely anuric animals in the same period of time (4). The scrum potas- 
sium increased more than is usual in simple anuria of this duration. It may be 
supposed that more of the animals would have died in this fashion, had not a 
more speedy form of death, due to quite different causes, overtaken them before 
sufficient potassium could accumulate. Attempts to produce potassium poison- 
ing as a terminal event by the use of less extensive initial ischemia of the leg 
resulted only in recovery of the animals. Evidently fatal potassium poisoning 
as the terminal 'event depends on shock of sufficient severity to cause renal failure 
and eventual death of the animal, yet not severe enough to produce death more 
acutely from respiratory failure. 

These experiments also indicate the probable interpretation of the high ter- 
minal concentrations of serum potassium which have sometimes been reported 
(1, 11). Unless special care was taken to obtain the specimens from the still 
active heart, they may have been truly postmortem samples. Since potassium 
content of cardiac blood rises swiftly as soon as the heart stops beating, an artifi- 
cially high concentration of serum potassium might have resulted. In many 
instances, however, unusually high potassium concentrations have been reported 
in samples of blood obtained while the heart was still beating. Our observations 
and those of others (12) indicate that there is a regular premortal, terminal 
rise in the potassium concentration of serum from cardiac blood (fig. 2), and that 
at times this increase may reach a considerable height. However, sharply in- 
creased concentrations of serum potassium and associated electrocardiographic 
changes do not appear until after respiration has ceased. They are therefore the 
effect, not the cause, of the agonal sequence of events. It is true that these 
terminal increases in concentration of potassium may themselves be responsible 
for certain of the final stages in the electrocardiographic sequence, and that these 
changes may therefore simulate those of spontaneous potassium poisoning. 
However, their appearance only after respiratory failure gives the clue to their 
real significance. 


CONCLUSIONS 

1. Concentration of potassium in serum consistently- increases when secondary 
shock is induced by re-establishment of circulation in an ischemic limb. 

2. Death usually occurs with respiratory failure prior to or simultaneous with 
cardiac arrest, and is usually not due to potassium poisoning. Concentrations of 
potassium in serum while both respiration and heart are active in the shocked 
animal seldom exceed S mM per liter. These levels are too low to cause any 
circulatory embarrassment; minor electrocardiographic changes only are noted. 

3. Exceptionally, death may be due to cardiac arrest from spontaneous auto- 
intoxication with potassium. Long persistence of the shocked state with failure 
of renal excretion favors this event. It is characterized by the attainment of 
concentrations of potassium in serum exceeding 10 mM per liter while both 
heart and respiration are active, and by cardiac arrest while the respirations are 
still normally active. 
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4. After respiratory arrest, there may be a rapid agonal elevation of the 
serum' potassium. Such increases are the result and not the cause of the terminal 
event. 
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In previous experiments (1) young rats were kept on a diet in which yellow 
corn constituted the sole source of nourishment. For the first 20-30 days on 
this diet the rats showed onlj’ minor effects. After that they became progres- 
sively less active, lost their appetite, lost their 4-5 day oestrous cycles showing 
only constant dioestrous smears, and failed to gain weight. After the rats had 
shown these deficiency symptoms constantly for over two months, cod liver oil 
was made accessible to them in a separate container, with the result that within 
only a few days’ time they lost most of the evidences of deficiency. Their intake 
of corn increased, they started to become active again, gained weight, and within 
4 days showed regular 4 day oestrous cycles. After 15 days rats which had been 
running less than 1 mile per day, ran over IS miles per day. The rats appeared 
to be in fine health, had smooth coats, good teeth, kept themselves clean, and 
showed no signs of deficiency. Thus, under the conditions of these experiments, 
yellow corn supplemented with cod liver oil became a complete food. 

The multiple components of cod liver oil made it impossible to conclude 
whether one or several of the substances, vitamin A or D, or one or more of the 
fatty acids, was responsible for the marked improvement in nutrition. Further 
experiments have now been made in which some of these substances were offered 
separately in purified form, to rats which for a long period of time had been kept 
on an exclusive diet of 3 r ellow corn. 

Methods. The technique and the conditions were duplicated from the 
previous experiments. The rats were placed in the activity cages and given our 
stock diet 2 at an average age of 45 days and were started on the exclusive 3 r ellow 
corn diet fifteen days later. The 3 7 ellow hybrid corn (no. g-94 ) 3 * was finely 
ground (4225 mesh per sq. in.). 

Records were made daity of food and water intake, running activity (number 
of revolutions of running drum), and vaginal smears; weekty records were made 
of body weight and of the general appearance of the animals as to coat, eyes, 
teeth, tail, paws, etc. Thirteen piebald female rats were used. After 100 da 3 r s 
on the corn diet the first group of 4 rats were given access to a solution of vitamin 
D 3 in specially prepared vitamin- and sterol-free cotton seed oil (50 U.S.P. 

1 Carried out under grants from the Corn Industries Research Foundation and the Com- 
mittee for Research in Endocrinology of the National Research Council. 

- Graham flour 725; crude casein (Adler) 100; skim milk powder (Breadlac) 100; butter 
50; calcium carbonate 15; sodium chloride 10. 

3 The corn for these experiments was kindly furnished by Funk Bros. Seed Co., Bloom- 

ington, 111. 
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units/gram) for 40 days; the 3 rats in the second group were subjected to ultra- 
violet radiation, using a quartz mercury-vapor lamp, 4 after 130 days on the corn 
diet; after 100 days oil the diet, the 3 rats in the third group were offered vitamin 
A acetate dissolved in the same cotton seed oil (500 LU./gram) ; and the 3 rats 
in the fourth group were offered a vitamin A- and D-free distillate of cod liver 
oil (20 per cent distillate in cotton seed oil). 5 



Fig. 1. Showing the activity, food intake, and body weight of a rat maintained on 
an exclusive diet of yellow corn and tap water for 100 days, and the effect of making a 
solution of vitamin D 3 available. 


Results. Figure 1 gives a typical record of an individual animal kept on an 
exclusive diet of yellow corn for 100 days, followed by 50 days with access to a 
solution of vitamin D 3 in cotton seed oil, showing daily activity, food and oil 
intake, and body weight. The activity (shown in revolutions of the drum) 
averaged nearly 16,000 revolutions per day for the last 10 days on stock food, in- 

4 The lamp was kindly loaned by the Dept, of Physiotherapy of the Johns Hopkins Hos- 
pital. It was the electrodeless high-frequency type, manufactured by Lepel Laboratories, 
Inc Y 

5 These preparations were provided through the courtesy, of Distillation Products, Inc., 
Rochester, New York. 
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creased to more than 20,000 revolutions during the- first 20 days on the corn diet, 
and then fell within 30 days to a level near 7,000, which was maintained with 
little variation for the remaining 50 days on the corn diet. During the first 
30 days, when the activity remained high, it showed very regular 4-5 day cycles, 
with the peaks of activity accuratety coinciding with the days of cornification of 
the vaginal smears; later, as the activity decreased and the vaginal smears re- 
vealed a constant state of dioestrus, the cyclical variation was lost. When 
vitamin D 3 was offered, the activity began to increase within 10 days, reaching 
16,000 revolutions per day during the next 40 days. Concurrently with the 
increase in activity (and the return of normal vaginal cycles), the 4-5 day peaks 
of activity were again evident. 1 

The food intake rose from a daily average of 13.6 grams for the last 10 days on 
the stock diet to 15.1 grams for the first 10 days on the corn diet. Ninety days 
later it had fallen nearly 50 per cent, to S.6 grams. The addition of vitmin D 3 
caused an immediate increase in appetite, the food consumption averaging 11.7 
grams for the first 10 days with the supplement. During the 100 days on the 
corn diet the bod 3 r weight of the animal was almost exactly maintained, vaiying 
between 126 and 134 grams. The addition of vitamin D 3 caused an increase in 
w T eight to 141 grams in the first 10 days, and a further increase to 159 grams 
during the 31-40th day period. The vaginal smears, which with the exception 
of the few periods of cornification, had shown only the epithelial cells and leuco- 
cytes characteristic of a dioestrous condition, changed within 8 days to regular 4 
day oestrous cycles. 

Effects on spontaneous activity. Table 1 summarizes the results of the changes 
produced on the activity of the four groups of rats. The average daily activity 
of the 4 rats of the vitamin D 3 group decreased from 18,980 revolutions forthe 
first 10 days on corn to 3,707 for the 91-100th day on com and then increased to 
12,820 for the 31-40th day period after the rats had access to vitamin D 3 . All 4 
rats showed essentialty the same effect. 

The activity of the 3 rats in the second group decreased from an average of 
15,553 revolutions per day during the first 10 days on the diet to 3,845 revolutions 
during the 91-100th day period. The ultraviolet radiation was not begun until 
the animals had been on the diet 130 days, at which time the activity had de- 
creased still further, to an average of 1,378 revolutions per day. The rats were 
exposed at a distance of 26 inches and the time of exposure increased by one 
minute daily, from 5 to 22 minutes, without noticeable difference in effect; con- 
sequently after the 19th day the exposure was maintained for 15 minutes daily 
at a distance of 26 inches. The average daily activity had increased to 2,701 
revolutions during the 31-40th day period of radiation, with 2 of the 3 rats show- 
ing an increase. On the 54th day of irradiation the animals were given access 
to a solution of pure cholesterol 6 and the irradiation continued as before. Dur- 
ing the period from the 8-18th days with the cholesterol the activity increased 

6 The cholesterol was also furnished by Distillation Products, Inc., and was dissolved 
in the same cotton seed oil used as vehicle for the other preparations, at a concentration 
of 31 mgm. of cholesterol per cc. 
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further, to an average of 3157 revolutions, though only one animal showed a 
pronounced effect. 

The activity of the 3 rats of the vitamin A acetate group decreased from an 
average of 20,518 revolutions for the first 10 days on corn to 3,864 for 


TABLE 1 



AVERAGE DAILY ACTIVITY— NUM- 
BER OF REVOLUTIONS Or DRUM 

i 

average daily food intake 

IN GRAMS 

- .... .. i 

AVERAGE BODY WEIGHT 

IN GRAMS 

. .. 

■RAT NO. 

First 10 
days on 
corn diet 

Last 10 
days on 
corn diet 

31 — lOtli 
days with 
supple- 
ment 

First 10 
days on 
corn diet 

Last 10 
days on 
corn 
diet 

31-40th 
days with 
supple- 
ment 

First 10 
days on 
corn diet 

Last 10 
days on 
corn 
diet 

31 — 10 th 
days with 
supple- 
ment 


Group I — yellow corn + vitamin Da 



23,932 

6,996 

15,962 

1 

8.6 

EH 

■SI 

133 

mm 


20,150 

2,006 

14,628 


7.6 


KB 

134 

m 


14,636 

2,559 

9,900 


6.1 


136 

120 

146 

; 

17,205 

3,266 

10,790 

13.0 

5.6 

mm 

126 

110 

121 

Average 



12,820 

14.0 

7.0 

11.0 

131 

124 

144 


Group II — yellow corn + ultra violet irradiation 


338z 

6,385 

721 

1,382 

13.0 

10.2 

9.3 

El 

1B1 

164 

355z 

16,166 

1 1.614 

1,018 

13.3 

7.7 ' 

9.3 



152 

357z 

24,10S 


5,703 

12.0 

7.1 

11.8 

134 

1 

ISO 

Average 

15,553 

1,378 

2,701 

13.1 

8.3 

10.1 

139 

150 

165 


Group III — yellow corn + vitamin A acetate 


363y 

366y 

5z 

21,300 

18,891 

21,364 

1,117 

4,408 

6,068 

5S2 
[ 2,9S5 
9,193 

' 

12.9 

14.7 

13.2 

5.2 
6.9 

8.3 

6.5 

7.6 
7.4 

m 

■ 

i 

1 

Average 


3,S64 

4,253 

13.6 

6.S 

7.2 

131 

130 

125 


Group IV — yellow corn 4- cod liver oil distillate 


368y 

6z 

lOz 

19,195 

19,547 

25,972 

1,869 

4,052 

5,066 

i 654 

2,681 
13 

14.6 
13.8 

13.6 

6.1 

7.2 

6.5 

1 

7.4 

7.5 
7.5 1 

m 

123 

140 

123 

m 

Average 

21,571 

3,662 

1,116 

14.0 

6.6 

7.5 

139 

129 

119 


the 91-l00th day period on the corn diet and increased only slightly, to 4,253, 
for the 31-40th day on vitamin A acetate. With the vitamin, the activity of 
one animal increased slightly, while that of the others continued to decrease. 

The activity of the 3 rats of the cod liver oil distillate group decreased from a 
daily average of 21,571 revolutions for the first 10 days on com to 3,662 for the 
.91-100th day period and decreased further to 1,116 for the 31-40th day after 
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access was given to cod liver oil distillate. All 3 rats became less active on the 
concentrate. 

Effects on appetite. Table 1 shows that the average daily food intake of group I 
decreased from 14.0 grams for the first 10 days on corn to 7.0 grams for the 
91-100th day period, i.e., 50 per cent, and increased to 11.0 grams for the 31-40th 
day period on the vitamin D 3 supplement. However, although the food intake 
increased sharply on the supplement, it did not attain its originally high level. 
All 4 rats showed essentially the same change. 

The second group also showed a decrease in food intake while on the corn diet, 
from an average of 13.1 grams during the first 10 days to 9.8 grams in 
the 91-100th day period, and a still further decrease to 8.3 grams during the 
131-140th days, immediately before the start of ultraviolet radiation. During 
the 31-40th days of treatment the average food consumption was 10.1 grams, 
which was almost unaffected by the subsequent addition of cholesterol. 

The average food intake of the rats in group III decreased from 13.6 to 6.8 
grams on corn and increased slightly, to 7.2 grams, on the vitamin A acetate. 
Two rats showed an increase, and one a decrease with the supplement. 

The food intake of the group IV rats decreased from an average of 14.0 to 
6.6 grams on corn and increased slightly, to 7.5 grams, on the cod fiver oil dis- 
tillate. 

Effects on body weight. Table 1 also shows the changes produced on body 
weight. The body weights of the rats in all 4 groups remained approximately 
the same throughout the time on the corn diet. However, when they were 
given access to the different vitamin preparations, marked differences were 
brought out. The animals given vitamin D 3 all began to gain weight promptly, 
increasing from an average weight of 124 to 144 grams in 40 days, and those 
irradiated with the quartz mercury vapor lamp also gained weight, from 150 
to 165 grams, though less rapidly. On the other hand, the rats in the other 2 
groups not only failed to gain, but actually lost weight: those given vitamin A 
decreased from 130 to 125 grams, while those given the vitamin-free distillate of 
cod fiver oil decreased from 129 to 119 grams, on the average. 

' Effects on oestrous cycles. During the period on the stock diet all 13 
rats showed fairly regular 4 day cycles of cornification, which were maintained 
with the same regularity for from 12 to 50 da} 7 s on the corn diet. After this time 
6 of the animals remained in a state of constant dioestrus throughout the re- 
maining time on corn, while 6 continued to show rare days of cornification during 
the next 15 to 75 daj's, and one exceptional animal at no time showed any pro- 
longed abnormality of the oestrous cycle. When the various supplements were 
added, the effects on the 4 groups were again widely different. Whereas 3 of 
the 4 rats in the vitamin D 3 group showed regular cycles starting within 8 days, 
and continuing throughout the 40 days of the experimental period, and all 3 ir- 
radiated animals also showed regular cycles in 1, 6, and 26 days respectively, 
none of the 6 rats in the other 2 groups showed any change from their previous 
state of constant dioestrus. 

Discussion. The present results show that in the previous experiments the 
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effects produced by cod liver oil on the energy, appetite, and sex cycles of rats 
kept on a diet of yellow corn exclusive^, must have resulted in large part from 
the vitamin D content of the cod liver oil. The results showed, further, that 
when supplemented with vitamin D 3 , yellow corn became almost a complete food, 
and that, to a lesser extent, ultraviolet irradiation of the animals had a similar 
beneficial effect. However, if the experiments had been continued over longer 
periods of time, or if the rats had been mated, some deficiencies might have 
manifested themselves. Definite proof has thus been obtained of the depend- 
ence of energy output, appetite, and the condition of the reproductive tract on 
vitamin D, under these conditions. 

The observation that rats show less energy on a vitamin D deficient diet is in 
agreement with the reports of several other workers. Seel (2) found that the 
basal metabolic rate was lowered in rickets and could be restored to normal by 
vitamin D treatment. Many other workers have confirmed this observation. 
Reed et al. (3) and Reed (4) reported that vitamin D treatment increased the 
metabolic rate in dogs and in rats. Ziegler and Knudson (5) and Nicolaysen (6) 
also found that rats kept on a rachitic diet became less active and showed a 
lowered food intake. 

The marked depression in activity produced by the lack of vitamin D and 
the sharp increase in activity produced by the vitamin D treatment, and to a 
lesser extent by ultraviolet irradiation, might suggest either a primary effect on 
the thyroid gland or a direct effect on carbohydrate metabolism. It is conceiv- 
able that without vitamin D the rats could not utilize the large amount of carbo- 
hydrate present in com. 

The probability must also be considered that changes in calcium metabolism 
played an important part in this phenomenon. Corn is known to have an ex- 
tremely low calcium content, so low that on theoretical grounds it is surprising 
that rats should be able to exist so long on a diet limited to corn. The vitamin 
D presumably brought about a. more efficient utilization of the small amounts of 
calcium that are present in corn. 

Several workers had previously reported either direct or indirect effects of 
vitamin D on the reproductive tract. Frey (7) found that vitamin D in the 
form of vigantol affected the sex cycles of rats and Agduhr (8) reported that 
moderately large doses of ergosterol increased the rate of reproduction of rabbits. 
In human beings clinical observations, made usually in connection with vitamin 
D treatment of other conditions, have shown that large doses of vitamin D may 
have a definite effect on the reproductive tract. Thus Reed, Struck and Steck 
reported that in 12 of 388 women experimentally given massive vitamin D 
therapy for arthritis and miscellaneous other conditions there was a definite 
estrogenic effect (9). In the most marked case a 23 year old woman, with a 
history of irregular menses since puberty at the age of 12, with inter-menstrual 
periods varying from 16 days to 3 months, menstruated every 28 days during the 
4 months of therapy, and gradually regressed to her previous irregularity witlun 
6 months of the cessation of the vitamin D administration. In the light of 
our experimental results, it seems possible that the 12 women showing the estro- 
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genic response were either actually deficient in or showed a heightened require- 
ment for vitamin D. 

The close similarity between the symptoms and the appearances of the vitamin 
D-deficient single food corn rats and those of hypophysectomized rats — the low 
level of activity, poor appetite, failure to grow, constant dioestrous condition — 
would suggest that the deficiency maj- have a primary effect on the anterior lobe 
of the pituitary gland. The results of treatment with anterior lobe extracts, 
and a histological study of the hypophyses of single food corn rats should help 
to determine the role played by the pituitary. If such experiments brought out 
a close interrelationship, the effect of vitamin. D on activity, calcium metab- 
olism, and the reproductive cycles could be interpreted as the result of stimula- 
tion of the thyroid, parathyroids, and ovaries by the corresponding anterior- 
pituitary hormones. 


SUMMARY 

1. The decreased activity, poor food intake, and constant state of dioestrus 
produced in rats by an exclusive diet of yellow corn, are all corrected by giving 
the animals access to a solution of pure vitamin D 3 . 

2. Ultraviolet irradiation of yellow com fed animals has a similar corrective 
effect, but to a less marked extent than does the administration of the vitamin. 

3. Both vitamin A acetate and a vitamin A- and D-free distillate of cod liver 
oil were essentially without effect on the nutritive condition of rats maintained 
on the yellow corn diet for 100 days. 

4. Therefore, it is concluded that the supplementary value of cod liver oil 
on an exclusive diet of yellow corn is, in all probability, due to the vitamin D 
content of the fish oil. 

5. Attention was called to the close similarity between the symptoms of 
single food corn rats and those of hypophysectomized rats, and the possibility 
was considered that vitamin D might achieve its effect indirectly through stimu- 
lation of the anterior lobe of the hypophysis. 
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Considerable attention lias been directed upon the relative inability of the 
kidney to concentrate sodium chloride in the urine in diabetes insipidus (1-7). 
Indeed, the very existence of the polyuria has been ascribed to the salt contained 
in the ordinary diet, and the decline in polyuria during fasting has been thought 
to be due to a lessened excretion of salt (4-6), but this has been shown to be not 
true for the cat with experimental diabetes insipidus (d.i.) (7). Little attention 
has been paid in the literature on d.i. to the excretion of substances other than 
salt, but as a result of the experiments herein reported, it is evident that the d.i. 
kidney also suffers from relative inability to concentrate nitrogen in the urine. 
Since, on an ordinary diet, nitrogenous substances form the major portion of the 
total solids in the urine, deficient ability to concentrate nitrogen is of greater 
relative importance in the maintenance of the polyuria than is the disability to 
concentrate salt. 

Methods. Cats and dogs have been used in these experiments. D.i. was 
produced in the cats either by hypothalamic lesions with a Horsley-Clarke 
stereotaxic instrument, or by section of the hypophyseal stalk, and in the dogs 
by stalk section only. The stock diet of the cats consisted of raw ground beef, 
80 grams, and milk, 100 cc. daily ; for the dogs, 200 grams to 300 grams of commer- 
cial dog biscuits. Experimental diets were devised by which we could vary 
independently the nitrogen, sodium chloride (determined as chloride), or caloric 
content. Total nitrogen in each diet was determined and corrected by a digesti- 
bility factor (9) ; chloride was estimated by Volhard-Harvey titration after open 
Carius digestion. Caloric content was not determined, but calculated from 
tables (10). Urinary nitrogen was determined by a microkjeldahl procedure, 
with Nesslerization and reading in a photoelectric colorimeter. Creatinine 
clearances were obtained on trained dogs, about two hours after priming by 
stomach tube with about 0.2 gram of creatinine per kilogram of body weight. 
For creatinine analysis, color was developed by the Jaffe reaction and read m 
the photoelectric colorimeter. In the dog, creatinine clearance may be taken as 
a measure of glomerular filtration; the figures recorded are averages of at least 
three clearance periods of approximately twenty minutes each. The U/P ratio 
(concentration of creatinine in the urine divided by that in the plasma) was 
determined, and used as an index of tubular reabsorption, for it can be shown 

that — = per cent of filtered water reabsorbed by the renal tubules. 

Observations. Effect on urine volume of cats of varying the nitrogen intake. 
The routine diet of the cats contained about 3.2 grams of total nitrogen in a 
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daify portion. On such a regime, a normal cat excretes urine with a total nitro- 
gen concentration averaging about 25 mgm. per cc., but the d.i. cat's urine has 
only 4 to 10 mgm. nitrogen per cc., depending on the degree of the polyuria. 
The degree to which a d.i. cat concentrates nitrogen in the urine is fairly constant 
for any one individual animal under a rather wide range of nitrogen intake, 
whereas in the normal animal the concentration varies widely under different 
dietary ^conditions (table 1). 

TABLE 1 


Effect of dietary changes on the polyuria of experimental diabetes insipidus in cats 
Values shown are averages for 24-hour periods 


KIND OF 

CAT 


NUM- 

BER 

OF 

DAYS 

INTAKE 

URINARY OUTPUT 

DIET 

Cal- 

ories 

Cl as 
NaCl 

Total 

N 

Cl as 

NaCl 







grams 

grams 

mgm. 
per cent 

grams 

mgm. 
per cent 

grams 

CC. 

d.i. 

A, stock 

5 

228 


2.88 

40 

m ' 

383 

2.59 

675 


B, high calorie 

3 

251 

0.281 

2.73 

31 

Bpo 

422 

2.85 

675 


C, low calorie 

3 

154 

0.193 

2.79 

38 

HE? 

401 

2.71 

672 


D, low nitrogen 

4 

245 

0.110 

1.25 

31 

rwk' 

403 

1.59 

395 


E, low calorie 

4 

148 

0.203 

2.74 

42 


488 

2.73 

554 


low nitrogen 
+ urea 











F, high nitrogen 

2 

237 

0.376 

4.09 

33 

0.294 

386 

3.40 

875 


G, low nitrogen 

5 

236 

0.202 

0.77 

56 


405 

1.03 

256 

d.i. 

A, stock 

5 

228 

; - 

2.88 

57 


604 

2.57 

427 


B, high calorie 

3 

251 

HQ 

2.73 

46 


556 

2.77 

466 


C, low calorie 

3 

15 4 


2.79 

49 

Wi 

558 

2.84 



D, low nitrogen 

3 

245 


1.25 

63 


579 

1.55 

267 


E, low calorie 

3 

148 


2.74 

52 


703 

2.87 

413 


low nitrogen 
+ urea 











F, high nitrogen 

2 

237 


4.09 

56 

EES 

707 

3.13 

553 


G, low nitrogen 

5 

141 

0.124 

0.46 

48 

m 

540 

1.23 

232 

Normal 

A, stock 

14 

228 


2.S8 



2789 

2.84 



D, low nitrogen 

3 

245 


1.25 



4365 

1.10 

23 


F, high nitrogen 

3 

237 

BSI 

4.09 



4288 

4.62 



Figure 1 shows the prompt subsidence of the polyuria which occurs in a d.i. 
cat when the protein intake is reduced without significant change in caloric or 
chloride intake. The picture here is identical with that seen during fasting. 
Experiments similar to the one shown were performed on three other d.i. cats, 
with similar results. Such experiments suggest that the marked decrease in 
urine volume of d.i. observed during fasting may be attributed to lessened de- 
mand for water for the excretion of urinary nitrogenous compounds, and the 
reason the d.i. animal exhibits a polyuria under ordinary circumstances is that 
the kidney is so deficient in ability to concentrate nitrogenous substances that 
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an amount of nitrogen which can be excreted in a small volume of urine by the 
normal individual has a strongly diuretic effect in d.i. This interpretation is 
strengthened by further experiments reported below. 

We do not mean to imply that relative inability to concentrate nitrogen is the 
only deficiencj'' exhibited by the d.i. kidnej r , for it has been ampfy demonstrated 
that a similar dysfunction exists with respect to sodium chloride (1, 2, 3, 7, 8), 
and it is probable that the same may be found to be true for other urinary con- 
stituents as well. But the amount of sodium chloride contained in the stock 
diet is well within the limit which the d.i. kidney can handle with little or no 
polyuria (7), whereas the nitrogen ordinarily ingested is in excess of that which 



Fig. 1. Cat with diabetes insipidus. Effect on the polyuria of an abrupt reduction of 
the protein in the diet, and subsequent return to stock diet. Solid line, urine volume. 
Broken line, total urinary nitrogen excretion. Triangles, nitrogen intake. 

Fig. 2. Dog with diabetes insipidus. Parallelism between nitrogen excretion and urine 
volume on various diets. Solid line, urine volume. Broken line, total urinary nitrogen 
excretion. Abscissae, 24-hour periods. Diets as follows: A, stock; B, reduced nitrogen; 
C, fast; D, low nitrogen; E, stock. 

the d.i. animal can excrete in a normal urine volume, and hence there is a polyuria 
on a normal diet. 

The exact degree to which the polyuria could be reduced by a procedure such 
as is shown in figure 1 varied with different animals, depending on the degree of 
the initial polyuria. A cat with a very severe d.i., such as is shown in the figure, 
could not be reduced to a completely normal urine volume (100 to 150 cc.). We 
did not find it possible to reduce the urinary total nitrogen excretion in cats to a 
level much below 1 gram a day, either during fasting or with low nitrogen intake. 
Thus, under these circumstances, the nitrogen output was still sufficient to keep 
the urine volume somewhat above the level characteristic of a normal animal, 
except in the case of one d.i. cat that had a relatively mild polyuria even on the 
stock diet. 

Table 1 shows results obtained in a series of experiments designed to determine 
the effect of different dietary procedures on the urine volume. The experiments 
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were performed, on 5 d.i. and 2 normal cats, and some of them were repeated sev- 
eral times on each cat; the table, therefore, does not show all the results, but 
those shown are typical. It is to be noted that chloride concentrations are low 
in all the diets, so that none of the changes in urine volume shown can be attrib- 
uted to the slight variations in chloride; for example, in a d.i. cat, in order to 
obtain by sodium chloride alone an increase in urine volume as great as that 
obtained by high nitrogen (diet F), the chloride content of the diet would have 
to be 5 to 10 times as great as that actually present (7). 

The variations in chloride content of the various diets in table 1 are, therefore, 
to be regarded as unimportant, because there is not enough chloride in an 3 r of 
them to require a large urine volume for its excretion, even in a d.i. cat. Inspec- 
tion of the table reveals that- the urine volume of the d.i. cats is independent of the 
caloric intake, at least within the limits employed, but parallels very closefy the 
nitrogen excretion. Diversity in caloric and nitrogen intake was obtained by 
feeding beef, milk, eggs and suet in vaiying proportions. Diet E demonstrates 
that it is indeed the nitrogen and not some other constituent of the diets that is 
responsible for the results obtained. This was a “low-calorie, low nitrogen” diet, 
to which enough crystalline urea was added to bring the nitrogen content up to 
approximatel 3 r the normal level. 

In contrast to the results obtained in d.i. cats, the normal cats responded to a 
high nitrogen intake ly mereh r increasing the concentration of nitrogen in the 
urine, without increasing the urine volume. In this respect, the normal cats 
differed from the dogs (see below), and resembled the rats reported b 3 r Gamble 
et al. (11). On a low nitrogen diet, the urine volume of the normal cats dropped 
as markedl 3 r as that of the d.i., but nevertheless the response of the two groups 
was different. The low nitrogen diet used was not onty lower in nitrogen than 
the stock diet, but lower in water content as well. Since the normal cats drank 
no water during the time under observation (water was given ad libitum during 
these experiments), the 3 r excreted a small volume of highly concentrated urine. 

Effect of water restriction. In the experiments reported up to this point, the 
cats were allowed free access to water. The question arises: if water is withheld 
from the d.i. cat, can he be forced to concentrate nitrogen in a manner similar to 
the normal cat? Such “delydration” experiments are shown in table 2. Dur- 
ing the dehydration period, the d.i. cats received their usual diet of meat and 
milk, but water was complete^' withheld, except for the animal with the most 
severe pohuiria, which received a total of 200 cc. of water to drink during the 
first two days', and no water for the rest of the period. Previous experience had 
shown that such a procedure was sufficient to bring about serious delydration 
in d.i. cats. Normal cats can not be delwdrated ly merel 3 r withholding water, 
so these animals were not onh r denied both water and milk, but in addition about 
one-third of the water in the meat was removed before it was fed. They suffered 
no ill effects from such treatment; indeed, we had found by previous tests that 
normal cats could stand such a regimen apparent^' indefinitely. Thus, it can 
not be said that the normal animals were actualh r dehydrated. The experiment 
does, however, show something of the abilffy of the normal kidne 3 r to concentrate 
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nitrogen, although the concentrations shown here are not necessarily the maxi- 
mum of which the animals are capable. The d.i. cats, on the other hand, called 
upon their bodily reserves of water in order to excrete the nitrogen during the 
dehydration period, and ran a strongly negative water balance (see also (19)). 
They appear to be concentrating nitrogen to the maximum of their ability, and 
yet their concentration is much less than that of the normal cats, even when the 
latter have free access to water. The d.i. cat under such conditions loses water 
from his tissues so fast that he is dehydrated to a degree dangerous to his health 
within a few days, and the experiment has to be discontinued. 

Experiments on dogs. Certain comparable experiments were performed on 4 
d.i. and 3 normal dogs. Figure 2 shows that in the dog, as in the cat, reduction 

TABLE 2 


Effect of restricted water intake on urine volume and nitrogen concentration 


CONTROL PERIOD 

WATER RESTRICTION PERIOD 

Ave. 

daily 

urine 

volume 

Ave. 

daily 

water 

drunk 

Ave. 

urine 

specific 

gravity 

Ave. 
urinary 
total 
nitrogen 
concen- 
| tration 

Ave. 
daily 
total 
nitrogen 
in urine 

Number 
of days 

Ave. 

daily 

urine 

volume 

Ave. 

daily 

water 

drunk 

Ave. 

urine 

specific 

gravity 

Ave. 

urinary 

total 

nitrogen 

concen- 

tration 

Ave. 
daily 
total 
nitrogen 
in urine 

d.i. cats 

CC . 

CC, | 

M 

mgm. 
per cent 

. 

grams 

1 


CC. 

■ 

mgm, 
per cent 

grams 

3S7 

282 i 


6S9 

2.66 

5 

171 

0 

BpS 

1348 

2.30 

331 

246 


S65 

2.S6 

4 

166 

0 

Um 


2.74 

616 

513 

1.006 

43S 

2.70 

4 

239 

50 

isf 

983 

2.23 

408 

321 

i 

1.009 

724 

2.94 

5 

170 

0 

1.020 

1547 

2.61 

Normal cats 

99 

0 

1.031 

2288 

2.29 

5 

45 

0 

1.055 

6952 

2.75 

111 

0 

1.033 

2544 

2.31 

5 

4S 

0 

1.060 

6420 

3.11 


in the nitrogen intake leads to a diminished polyuria, although the urine volume 
does not fall completely to a level characteristic of the normal animal. For the 
low nitrogen diet, suet was substituted for part of the dog biscuits. Figure 3 
shows that the degree of the polyuria parallels the nitrogen output when the so- 
dium chloride intake is not at an abnormally high level. On the other hand, this 
experiment confirms previously reported results on cats (7) that when the salt 
intake is increased to a level considerabfy above that found in an ordinary diet, 
the urine volume tends to parallel the chloride output, even on a low nitrogen 
diet. In other words, the deficient concentrating ability of the d.i. kidney is not 
specific for either salt or nitrogenous substances; the necessity for the excretion 
of a large quantity of either substance is sufficient for the maintenance of a high 
degree of polyuria, and in order to reduce the polyuria of d.i. by dietary means 
alone it is necessary that both the sodium chloride and the nitrogen intake be 
maintained at a low level. 
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The lack of any specific effect fox* either sodium chloi'ide or nitrogenous com- 
pounds is further shown by the data presented in figure 4. In these experiments, 
both chloride and total nitrogen output were determined ; the chloi’ide was calcu- 
lated as os-millimols 1 of NaCl, and the nitrogen as os-millimols of urea. The 
sum of these two, representing approximately the total osmolar daily 7 excretion 
of these substances, is plotted against the daily 7 urine volume. It is to be noted 
that in both the normal and the d.i. dog, the urine volume varies directly with the 
sum of the osmotic activities of the urea and NaCl excreted. It is recognized 



Fig. 3. Dog with diabetes insipidus. Parallelism between nitrogen excretion and urine 
volume when salt intake is low, and between NaCl excretion and urine volume when salt 
intake is high. Solid line, urine volume. Broken line, nitrogen excretion. Dotted line, 
chloride excretion as NaCl. A, low nitrogen, low salt diet; B, high nitrogen, low salt diet; 
C, NaCl intake increased; D, nitrogen intake decreased; E, low nitrogen, high salt diet. 
Abscissae, 24-hour periods. 

Fig. 4. Relation between urine volume and daily excretion of osmotically active sub- 
stances. Ordinates, average daily urine volume, cc. Abscissae, sum of chloride and nitro- 
gen excretions, the Cl expressed as os-millimols of NaCl, and the nitrogen expressed as 
os-millimols of urea. Circles, animals on constant chloride but variable nitrogen intake; 
crosses, animals on constant nitrogen but variable chloi’ide intake. Lower line, normal dog; 
upper, dog with diabetes insipidus. The lower line is based on 82, and the upper on 80, 
daily observations. Straight lines were calculated by the method of least squares. 

that there are other osmotically active substances excreted, but under the condi- 
tions of these experiments, the substances detei’mined must represent the greater 
portion of the total osmotic activity of the urine, and as the sodium chloride and 
nitrogen are varied within the rather wide range shown, so does the total excretion 
of osmotically active particles vary 7 . The difference in slope, as well as in height, 
of the fines representing the data from the noi-mal and from the d.i. dog, is an 
expression of the divergent concentrating abilities of the kidney 7 s of the two dogs. 
The finding here in the normal dog is somewhat at variance with our data for the 
normal cat (see above), for in the cat, adding nitrogen to the diet merely 7 increased 

1 The term ''os-millimol” is employed here in the same sense as used by Gamble et al. (11). 
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the concentration of total nitrogen in the mine, without appreciable effect on the 
urine volume. Gamble (11) reported that in the normal rat, less water was re- 
quired to excrete urea added to a basal diet than an osmotically equivalent 
' amount of added salt. Our data would make it appear that while the normal 
cat apparently resembles the rat in that particular, the dog does not. In the 
presence of d.i., neither the dog nor the cat behave like the normal rat. 

Nitrogen 'partition experiments. Various fractions of the total urinary nitrogen 
were determined as shown in table 3. Control values were obtained on 4 d.i. 
cats and 2 normals, and then 2 of the d.i. cats and one of the normals were placed 
on high nitrogen diet, while the other animals in the experiment were placed on a 
low nitrogen diet. Finally, 2 of the d.i. cats and one normal were given Pitressin 
injections, 3 units 3 times daily, while on the stock diet. There is no evidence 

TABLE 3 


Urinary nitrogen partition in diabetes insipidus and normal cats 
Values shown are averages lor 24-hour periods 


PROCEDURE 

KIND OP CAT 

NUMBER 
OF CATS 

LENGTH 

OF 

PERIOD 

TOTAL 

N 

UREA N 

AMMONIA 

N 

URIC ACID 

N 

CREATI- 
NINE N 

UN- 

DETER- 

MINED 

N 




days 

grams 

grams 

grams 

grams 

grams 

grams 

Control period 

d.i. 

4 

10 

2.66 

2.31 

0.15 


0.045 

0.15 


N ormal 

! 

2 

1 

10 

2.66 

i 

2.19 


pM8 

0.049 

0.29 

High-nitrogen 


i ! 

1 2 

4 

3.50 

3.29 ! 



0.049 

0.03 

diet 


1 

4 

3.64 

2.90 

till 


0.055 

0.50 

Low-nitrogen 

d.i. 

2 

1 

4 

1.27 

R9 






i Normal 

1 

I 4 

2.17 

HI 

1 

9 

IPP 


Pitressin injec- 

1 

d.i. 

2 

3 

2.31 

2.12 

0.12 


0.037 

0.03 

tions 

Normal 

i 

3 

2.21 

2.04 

0.09 

0.0020 

0.052 

0.03 


from these experiments that there is any difference between the d.i. and the nor- 
mal cats in nitrogen metabolism. The percentage of the total nitrogen to be 
found in each of the various fractions determined is essentially the same in both 
groups; the small differences shown are within the range of the individual daily 
variations. The nitrogen partition did not appear to be significantly altered by 
the diets used, nor by Pitressin injections. 

'Glomerular filtration and tubular reabsorption as affected- by dietary changes. 
Since daily urine volumes reflect changes in nitrogen intake, it is of interest to 
determine whether the urinary variations are accompanied by alterations of 
glomerular filtration, tubular reabsorption of water, or both. Therefore, crea- 
tinine clearance determinations were made on 2 d.i. and 2 normal dogs under 
various dietary conditions. It has been shown by others (12-16) that urea and 
xylose clearances in dogs are elevated by high protein diets, and depressed by low 
protein diets. Hiatt and Hiatt (17) demonstrated a post-prandial increase in 
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glomerular filtration (creatinine clearance) and renal plasma flow (diodrast 
clearance) in the harbor seal, and gave evidence that proteins were the active 
agents. The plan of our experiments, however, differed somewhat from any of 
these. Briefly, it was a follows: the animals were placed on a stock diet of dog 
biscuits; when the urine volumes had assumed their characteristic levels for these 
diets, the creatinine clearance was measured, usually about 18 hours after the 
last feeding, except in one dog (no. 4), which was consistently run 8 hours after 
feeding. At least two control determinations were made on each a nim al on 
different days, three clearance periods constituting one determination. The 

TABLE 4 


Effect of dietary changes on creatinine clearance 
(All clearances are post-absorptive except the one indicated otherwise) 


DOG NUMBER 

KIND OF ANIMAL 

i 

DIET 

CREATININE 

CLEARANCE 

t 

I URINE FLOW 
j DURING CLEAR- 
j ANCE PERIOD 

1 

CREATININE 

U/P 





1 cc./min. 


1 

Normal 

Control 


0.28 

223 



High-nitrogcn 


0.27 

179 



3-day fast 

51.5 

0.15 

353 



41 hours after 

70.4 

0.35 

203 



high-N meal 


i 


2 

Normal 

Control 

45.9 

mm 

249 



4-day fast 

' 32.0 

HUH 

328 



Low-nitrogen 

46.4 

Mm 

228 

3 

d.i. 

Control 

57.0 

2.92 

20.2 



4-day fast- 

52.4 

1.82 

29.1 



5-day fast 

50.6 

1.18 

42.8 



Low-nitrogen 

53.4 

1.78 

30.3 



High-nitrogen 

59.0 

3.84 

15.5 

4 

d.i. 

Control 

49.4 

3.97 

12.5 


' 

Low-nitrogen 

40.3 

1.64 

24.3 



High-nitrogen 

51.3 

4.7S 

10.8 


animal was then fasted, or placed on an experimental diet, and after a varying 
number of days, when the urine volume appeared to be established at a new level, 
the creatinine clearance was again determined. The high-nitrogen diets we have 
used were not as high in protein content as the meat diets used by Jolliffe and 
Smith (13) or by Shannon et al. (16), and the variations in clearance we observed 
were not as great. It was not our purpose to obtain maximum increases in 
glomerular filtration by excessive protein intakes, but rather to observe whatever 
alterations in glomerular filtration and tubular reabsorption might be found to 
accompany the changes in degree of polyuria associated with the different diets. 

The results are summarized in table 4. It is clear from these data that 
changes in tubular reabsorption are much more marked than are those in glomer- 
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ular filtration. Only in a fast of 4 to 5 days’ duration was there any consistently 
observed diminution of cihatinine clearance. The changes in filtration which 
occurred post-absorptivety following a high-nitrogen or low-nitrogen diet are 
(with the possible exception of the low-nitrogen clearance in dog 4) within the 
range of variation obtained in thp various control observations. On the other 
hand, tubular reabsorption of water, as shown b.y the creatinine U/P ratios, 
varies considerably on the different diets. In all the experiments except one 
(low-nitrogen in dog 2), tubular reabsorption of water is liigher than the control 
during fasting or low-nitrogen diet, and lower than the control during high- 
nitrogen diet. The result is as marked in the d.i. as in the normal dogs. It is 
consistent with the observation (see above) that the urine volume varies with 
the number of osmotically active particles excreted. On a high nitrogen diet, 
there are more such particles present in the tubular fluid to hold water within 
the tubule by osmotic attraction, and hence the percentage reabsorption of water 
is less. On the low-nitrogen diet, or during fasting, the converse holds. This 
effect is more or less independent of the titer of antidiuretic substance present, 
and hence is seen in both the normal and the d.i. animals. This interpretation 
is consistent with the report of Shannon (18) that the mechanism of water reab- 
sorption is the same in normal and in d.i. dogs. The one example included in 
table 4 of a post-prandial but not post-absorptive clearance (dog 1) is an illus- 
ti’ation of the well-known fact that glomerular filtration is augmented during 
intestinal absorption of a meal, especially of a high protein meal. This is com- 
parable with the experiments of Hiatt and Hiatt (17). The rest of the figures 
in the table, however, clearly show that the effect on tubular reabsorption of 
water of varying the nitrogen intake is not confined to the period during which 
the meal is being absorbed, even though the glomerular filtration may return to 
normal after absorption is completed. 

SUMMARY 

Previous work from this and other laboratories has demonstrated that in 
diabetes insipidus there is a deficiency in ability to concentrate sodium chloride 
in the urine. The present work shows that a similar deficiency exists with regard 
to nitrogenous compounds. Indeed, the latter appear to be relatively more 
important than the former in the maintenance of the polyuria under ordinary 
dietary conditions, because nitrogenous substances form the major portion of 
the total solids of the urine. The polyuria may be markedly reduced in dogs or 
cats with experimental diabetes insipidus on a nearly constant chloride intake by 
reducing the nitrogen content of the diet, or may be exaggerated by increasing 
the nitrogen intake. This effect is independent of the caloric content of the diet. 
The polyuria parallels the sodium chloride intake even on a low protein diet, if 
NaCl is fed in excessive amounts, but not unless that salt is present in amount 
exceeding that found in ordinary diets. In general, the polyuria varies directly 
with the sum of the osmotic activities of the NaCl and nitrogenous compounds in 
the urine. Thus, in order to reduce the polyuria of diabetes insipidus by dietary 
means alone, both the nitrogen and salt intakes must be kept low. Nitrogen 
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partition determinations show no evidence of any abnormality in nitrogen metab- 
olism in diabetes insipidus. Creatinine clearance studies show that the changes 
in urine volume accompanying alterations in protein intake extend into the 
postabsorptive period, after the glomerular filtration has returned to the level 
observed postabsorptively on a control diet. Postabsorptive tubular reabsorp- 
tion of water, however, is greater on a low nitrogen diet, and less on a high protein 
diet, than the control. This is interpreted on the basis of the osmotic effect of 
the nitrogenous substances present in the tubular fluid. 
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A syndrome resembling diabetes insipidus develops in dogs during daify admin- 
istration of desoxycorticosterone acetate (1-5). Britton and his co-workers 
(6-9) and Mulinos el al. (3) have developed the hypothesis that the adrenocorti- 
cal hormone and the posterior lobe antidiuretic honnone are physiological 
antagonists; according to this view, diabetes insipidus may be explained by the 
unmasking of the diuretic effect of the adrenal cortex when there is a deficiencj 7 
of posterior lobe secretion. We have for several years maintained a colony of 
animals with experimental diabetes insipidus (d.i.), and we have sought to deter- 
mine the effect of injections of corticoadrenal extract and of desoxycorticosterone 
acetate (DCA) on these animals, as well as to compare the polyuric syndrome 
produced by such injections in normal animals with that produced by pituitary 
stalk section. 

Methods. Both cats and dogs have been used in these experiments. The 
animals were kept in metabolism cages, and measurements of water intake and 
mine volume were made daily; water was allowed ad libitum. Experimental d.i. 
was produced by pituitary stalk section, leaving the anterior lobe intact. All 
injections were made subcutaneously. Urinary chloride was determined by the 
method previous^ described (10); nitrogen was determined by Nesslerization of 
a microkjeldahl digest, and leading in a Klett-Summerson photoelectric color- 
imeter. Postabsorptive plasma creatinine clearances were obtained for some of 
the dogs, after priming with about 0.2 gram of creatinine per kilogram of body 
weight by stomach tube about two hours before the determination. Three 
clearance periods of approximately twenty minutes’ duration each were obtained, 
and the average value for the three periods recorded. Color was developed by 
the Jaffe reaction, and read in the photoelectric colorimeter. 

Observations. Effect of cortin and, of desoxycorticosterone acetate on normal 
and on d.i. cats. Cats respond promptly to posterior lobe denervation bj' in- 
creasing the urine volume to four or five times the normal. We therefore thought 
that if the polyuria of d.i. is due to the diuretic effect of adrenocortical substances, 
the cat might be a good animal for demonstrating it. A d.i. cat with an average 
urine volume of about 500 cc. daily was injected with 2 cc. of adrenal cortex 
extract 1 twice daily for six days. The average urine volume for the six dat's was 
480 cc., and at no time was there any evidence in the 24-hour urine volume of any 

1 Thanks are due to Dr. David Klein of the Wilson Laboratories, Chicago, HI., and to Dr. 
Oliver Kamm of Parke-Davis and Co. for their kindness in providing the corticoadrenal 
extracts used, and to Dr. Erwin Schwenk of Schering Corporation, who supplied all the 
desoxycorticosterone acetate in oil (Cortate) used in these experiments. 
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diuretic effect of the extract. This result was typical of 7 animals (6 d.i. and 1 
normal) to which cortical extract was administered, although in 3 of them the 
dosage was as high as S cc. daily, divided into two injections. Throughout these 
experiments, the cats were on a constant diet of 80 grams ground raw lean beef and 
100 cc. milk, containing about 0.238 gram of Cl as NaCl in a daily portion. 

Such results do not necessarily prove that cortical hormone has no diuretic 
effect in the cat, for the extract was administered in an aqueous medium, and it 
is quite possible that the cortin was absorbed so promptly that the effect would 
not show up in a 24-hour urine collection. Furthermore, Mulinos et al. (3) re- 
ported that the effect of DCA in dogs is greater if the animals were on a diet 
containing considerable quantities of salt. We therefore tried injecting DCA in 
oil, and changed the diet of the cats to 100 grams of canned dog food and 100 cc. 
of milk; the total Cl as NaCI in the diet was about 0.8 gram daify. 

Ragan et al. (2) and Ferrebee et al. (4) gave their dogs 25 mgm. of DCA a day, 
but Moehlig and Jaffe (5) reported that 5 to 10 mgm. daify would increase the 
water exchange of dogs, while Mulinos et al. (3) found that the polyuria could be 
developed by as little as 2 to 4 mgm. daily. We started two normal cats on 15 
mgm. dailjq gradually increasing the dosage to 30 mgm., continuing the injec- 
tions for a total of 11 days, with no evidence of diuretic effect at any time. Two 
d.i. cats were then started on 30 mgm. daily, but there was no increase in the 
polyuria already present. Three units of aqueous pitressin injected 3 times daily 
promptly reduced the urine volume of the d.i. cats receiving DCA nearly to a 
level characteristic of a normal cat. This is about the minimal subcutaneous 
dose required to control the polyuria of a d.i. cat (10), and the reduction in urine 
volume in this instance was as complete and as prompt as we have repeatedly 
observed in d.i. cats not receiving DCA. Protocols of two typical experiments 
are given in table 1. 

From these results we must conclude that in the amounts used, at least, 
neither adrenocortical hormone nor DCA will produce a syndrome resembling 
d.i. in normal cats, nor will these substances increase either the severity of d.i. 
already present, or the dosage of pitressin required to control it. The cats 
received from 6 to 10 mgm. of DCA per kgm. of body weight daily, a dosage 
about 17 times as great on a body weight basis as the average we used on dogs. 

Effect of DCA injections on normal and on d.i. dogs. Since we were unable to 
produce the polyuric syndrome with DCA in cats, we began injections in 4 d.i. 
and 3 normal dogs. The animals weighed from 11 kgm. to 22 kgm., and were 
fed from 200 grams to 300 grams of commercial dog biscuit daily. On this diet, 
they excreted 6 to 8 grams of nitrogen and 1.3 to 2 grams of Cl as NaCI in the 
urine daily. After a control period, the animals were injected with 2.5 to 10 
mgm. of DCA daily. In confirmation of the reports of others (2-5), all the 
normal dogs developed a polyuria. These animals excreted an average of 150 cc. 
to 200 cc. of urine before the injections began; on the fourth day of injections, in 
all the normal animals the urine volume sudden]}" increased to about 400 cc. 
daily, and thereafter increased gradually to between 1 and 1.5 liters daily. None 
of our dogs or cats at any time exhibited any overt, signs of the muscular weakness 
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described b3 r others (2, 4, 5) as a result of DGA injections, although two dogs 
were continued on the 10 mgm. daily dose for three months each. 

The diuretic effect of the injections was seen more promptly in the d.i. dogs 
than in the normals. Dog l,.a d.i. animal weighing 21 kgm., averaged about 
2650 cc. of urine daily immediately before the injections, and excreted 4070 cc. 
the first day the hormone was administered. Another d.i. dog (no. 3) increased 
from an average of 2060 cc. to 2900 cc. the first day. Thereafter the increase 
was gradual, so that at the end of a week the daily' volumes in the two animals 
were 5500 cc. and 3500 cc., respectively. Dog 1 had a daily urine output of 
about 7 liters after one month on the hormone, and after three months, when the 


TABLE 1 

Absence of effect of desoxycorlicosterone acetate on water exchange of cats 


CAT YTITH DIABETES INSIPIDUS 


Date 

Total 

water 

in- 

ake 

Urine 

vol- 

ume 

Total 

N 

in urine 

Cl as 
NaCl 
in 

urine 

Injections 


CC. 

cc. 

grams 

grams 



600 

490 

1.61 


None 


590 

470 



None 


630 

515 

1.52 

1.015 

None 


5S0 

4S0 


GO 

S3 

d 

None 

9 

570 

4S5 

1.49 

0.947 

None 

10 

560 

415 



None 

11 

R9 

565 

l.SS 

0.955 

30 mem. DCA 

12 

13 

H 

555 

1.53 

0.920 

30 mgm. DCA 
30 mgm. DCA 

14 

630 

490 

1.53 

0.S71 

30 mgm. DCA 

15 

615 

510 

1.79 

0.S59 

30 mgm. DCA 

16 

625 

525 

1.96 

0.S15 

30 mgm. DCA 

17 

290 

165 

1.34 

0.4SS 

30 mgm. DCA 
+ 9 units 
pitressin 

IS 

265 

220 

2.14 

0.754 

30 mgm. DCA 
+ 9 units 
pitressin 

19 

555 

410 

1.3S 

0.433 


20 

400 

500 

1.3S 

1.015 


21 

525 

455 

1.69 

0.740 

None 


NORMAL CAT 


Date 

Total 1 
water 
in- 
take 1 

i 

Urine 

vol- 

ume 

Total 

N 

in urine 

Cl as 
NaCl 
in 

urine 

Injections 


i 

CC. I 

cc. 

grams 

grams 


10/25 

ISO j 

140 

2.45 

0.991 

None 

26 

160 j 

140 

2.33 

0.764 

None 

27 

160 j 

100 

1.83 

0.730 

None 

2S 

ISO j 

105 

2.06 

0.840 

None 

29 

1S5 | 

70 

1.12 

0.327 

15 mgm. DCA 

30 

ISO j 

60 

1.33 

0.280 

15 mgm. DCA 

31 

ISO : 

175 

3.94 

1.625 

15 mgm. DCA 

11/1 

ISO 

ESI 

2.22 

1.060 

15 mgm. DCA 

o 

ISO 1 



1.010 

15 mgm. DCA 

3 

iso ; 


1.63 

0.S30 

20 mgm. DCA 

4 

iso ; 


1.37 

0.55S 

20 mgm. DCA 

5 

ISO j 

135 

2.11 

0.944 

20 mgm. DCA 

0 

iso ; 

145 

2.06 

0.335 

30 mgm. DCA 

i 

ISO 1 

155 

1.90 

0.620 

30 mgm. DCA 

s 

195 i 

75 

1.44 

0.296 

30 mgm. DCA 

9 

ISO ' 

175 



None 

10 

iso ; 

70 

1.34 

0.495 

None 

» 

iso : 

130 

1.90 

O.S55 

None 


injections were discontinued, she was averaging nearly 9 liters daily. On the 
last day of injection, this animal excreted 9645 cc. of urine; three days later, the 
daily output had dropped to about 3 liters, or about the same level as before the 
injections began. 

Mulinos et al. (3) thought that the polydipsia appeared before the polyuria, 
but this did not seem to be the case in any of our 7 dogs. The two phenomena 
appeared to keep pace with each other, so that if one calculates the water balance 
(total intake — urine volume) before and after the start of the injections, there 
appears to be no significant difference, although the day-to-day variations are so 
large that one cannot be certain on that point (table 2). 
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Effect of variations in salt and nitrogen intake. In view of the well-known 
inability of the d.i. kidney to form a concentrated urine, and the consequent in- 
fluence of dietary changes on the volume of the polyuria, we have fed various 
diets to dogs receiving DCA injections. Results of such experiments on one d.i. 
and one normal dog are summarized in table 3. It will be seen that the degree 
of the polyuria varies somewhat with the amount of nitrogen and salt which the 
kidney is required to excrete. In this respect, the non-d.i. animal receiving DCA 
resembles the ordinary d.i. dog; the difference appears to be one of degree. The 
d.i. animal shown in this table is the same dog as shown in figure 2 of reference 13. 
A comparison of the two results shows that when the animal was on DCA, reduc- 
tion in nitrogen intake did not reduce the poljmria as markedly as a similar 


TABLE 2 

Effect of desoxycorticoslerone acetate injections in dogs 


COG WITH DIABETES INSIPIDUS 


Date 

Water 

in- 

take 

Urine 

vol- 

ume 

Total 

N 

in urine 

Cl as 
NaCl 
in 

urine 

Injections 

Date 

Water 

in- 

take 

Urine 

vol- 

ume 

Total 

N 

in urine 

Cl as 
NaCl 
in 

urine 

Injections 


CC. 

cc. 

grams 

grams 



cc. 

cc. 

grams 

grams 


12/10 

2930 

2370 


2.05 

None 

12/10 


Ell 

6.43 

2.33 

None 

11 


2S70 


2.01 

None 

11 

530 

BBS 

5.85 

1.S3 

None 

12 

3470 

2710 

8.25 

1.86 

None 

12 

510 

190 

6.68 

2.03 

None 

13 

EH 

■2680 

7.88 

1.76 

None 

13 

MM 

El 

3.82 

0.69 

None 

14 

HI 

2520 

7.19 

1.78 

None 

14 

B3 

m 

0.75 

1.78 


15 

in 

2800 

8.61 

2.17 

None 

15 

H 

111 

4.38 

0.93 

mmM 

16 

4580 

4070 

8.12 

1.10 

10 mgm. DCA 

16 

650 

140 

6.17 

1.20 

10 mgm. DCA 

17 

5630 

4920 

6.81 

1.05 

10 mgm. DCA 

17 

720 

380 

6.37 

3.20 

10 mgm. DCA 

18 

4990 

3950 

6.65 

0.64 

10 mgm. DCA 

18 

850 

140 

4.46 

0.S1 

10 mgm. DCA 

19 

4890 

4620 

8.57 

2.71 

10 mgm. DCA 

19 

820 

480 

9.85 

3.24 

10 mgm. DCA 

20 

5540 

5000 

8.75 

1.54 

10 mgm. DCA 

20 

960 

400 

7.97 

1.52 

10 mgm. DCA 

21 

5960 

5440 

8.74 

1.89 

10 mgm. DCA 

21 

860 

380 

8.10 

2.10 

10 mgm. DCA 

22 

7100 

5500 

8.38 

3.18 

10 mgm. DCA 

22 

1060 

430 

8.57 

2.19 

10 mgm. DCA 

23 

6930 

6580 

8.65 

1.44 

10 mgm. DCA 

23 

880 

250 

6.92 

1.12 

10 mgm. DCA 

24 

7910 

7230 

8.51 

3.33 

10 mgm. DCA 

24 

1170 

560 

8.06 

1.82 

10 mgm. DCA 

25 

7410 

6800 

8.39 

2.52 

10 mgm. DCA 

25 

1320 

540 

6.66 

2. 68 

10 mgm. DCA 

26 

8400 

7880 

S.51 

1.62 

10 mgm. DCA 

26 





10 mgm. DCA 

27 

8070 

7810 

8.23 

2.55 

10 mgm. DCA 

27 

1145 

710 

7.07 

2.60 

10 mgm. DCA 


NORMAL DOG 


experiment did while the animal was not receiving the injections. Indeed, as is 
shown in table 3, even a three-day fast while the animal was on DCA left her 
with a polyuria of 3 liters; the same dog when fasted before the injections began 
promptly reduced her urine output to 800 cc. So far as the feeding experiments 
go, then, DCA appears to exaggerate d.i. when it is already present, and a normal 
animal receiving the injections acts like a dog with mild d.i. 

Effect of pitressin injections on normal and on d.i. dogs receiving DCA. Ragan 
cl al. (2) reported that as much as 3 cc. daily of pitressin did not control the 
polyuria of a dog receiving 25 mgm. of DCA and S.o grams of XaCl daily. How- 
ever, they did not state whether or not the pitressin was given in divided doses 
(as it must be. if aqueous pitressin is used), and furthermore it is well known that 
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pitressin will not control a salt diuresis, and their animals were on a high salt 
intake. On the other hand, Mulinos el al. (3) found that 11 units of pitressin in 
oil markedly reduced the polyuria of dogs receiving only 2 to 4 mgm. of DCA 
daily. We have tried two levels of pitressin in two dogs, one d.i. and one non- 
d.i., receiving the 10 mgm. dosage of DCA. Five units of pitressin tannate in oil 
was administered in two daily doses of 2.5 units each; in the non-d.i. dog, the 
urine volume was reduced from about 1200 cc. to about 900 ce., and in the d.i. 
dog from 6500 cc. to about 2800 cc. This is a much smaller effect than is ordi- 
narily seen in injecting pitressin tannate in oil during d.i., so we next tried inject- 
ing 35 units over a period of 4 days; this reduced the polyuria of both animals to 

TABLE 3 


Effect of dietary changes on the urinary excretion of dogs receiving injections of 

dcsoxycorlicosterone acetate 




INTAKE 

URINARY EXCRETION 

NO. OF 
DAYS 

DIET 

Water 

: 

Nitrogen 


l 

i 

Volume j 

1 

Nitrogen 

Chloride as NaCl 



as NaCl 

Concen- j « t 

tration 1 ToUl 

Concen- 

tration 

Total 


d.i. dog 




«. 

grans 

grams 

cc. 

mgm. per 
cent 

grans 

mgm. per 
cent 

grams 

9 

Control 

79S2 

11. SI 

2.13 

7233 

104 

7.54 

31.9 

2.31 

S 

Low-N 

6171 

2.95 

2.03 

5694 

63 

3.61 

39.4 

2.24 

9 

Low-N, 

Low salt 

4674 

2.95 

0.53 

4169 

S2 

3.41 

16.1 

0.67 

3 

Fast 

3077 

0 

0 

3020 

93 

2.81 

16.6 

0.50 

5 

High-N 

SS30 

i 

IS. 01 

2.18 

S307 

159 j 

13.23 ; 

34.4 

2.86 

Normal dog 

9 

Control 

1262 

11. SI 

2.13 

| 699 

S95 

! 6.26 

291 | 

2.03 

S 

Low-N 

905 

2.95 

2.03 

574 

537 

3. OS 

370 | 

2.12 

9 

Low-N, 

Low salt 

S44 

2.95 

0.53 

i 

457 1 

i 

656 

< 

3.00 

103 J 

i 

0.47 

3 

Fast 

640 

0 

0 j 

407 | 

492 , 

2.00 

103 | 

0.42 

5 

High-N 

1715 

IS. 01 

2. IS j 

119S 1 

1043 | 

12.50 

1S6 j 

2.23 


about 800 cc. In contrast to this mild effect, the same d.i. animal was again 
injected with pitressin tannate in oil 43 days after DCA was discontinued. This 
time, 5 units in a single injection rendered the animal completely anuric for two 
days, although immediate!}' before the injection the animal was excreting an 
average of about 4 litem of urine a day. It is clear, then, that DCA greatly 
reduces the antidiuretic potency of pitressin in d.i. dogs, in marked contrast to 
the effect in d.i. cats. 

Effect of DCA on glomerular filtration and tubular reabsorption of water. It is 
generally held that the polyuria of d.i. is due to defective tubular reabsorption of 
water; in well-established d.i., glomerular filtration does not differ significantly 
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from normal (table 4 ; and references 11,12 and 19) . In order to compare kidney 
function in the polyuria of d.i. with that in DCA polyuria, tests were run on 4 
d.i. and 2 normal dogs, before DCA injections, and during the course of adminis- 
tration. As shown in the table, all clearances obtained during the injection 
period were taken at a time when the urine flow was significantly above that seen 
before injections began. Each figure in the table is the average for 3 to 6 clear- 
ance periods. 

In the dog, creatinine clearance is generally considered to be a measure of 
glomerular filtration, while the creatinine U/P ratio (concentration of creatinine 
in the urine divided by that in the plasma) is an index of tubular reabsorption of 

. . TABLE 4 


Effect of desoxycorlicosterone acetate on glomerular filtration and tubular rcabsorption 


DOG 

NUMBER 

KIND OF 
animal 

WITHOUT DESOXYCORTICOSTERONE 

DURING INJECTION PERIOD 

DAILY 

DOSAGE 

OF DCA 

Plasma 

creatinine 

clearance 

Avc. urine 
flow during 
experiment 

Creatinine 

U/P 

Plasma 

creatinine 

clearance 

Ave. urine 
flow during 
experiment 

Creatinine 

U/P 



cc./mitt. 

cc./tnin. 


cc. /in in. 

cc./mitt. 


mgm. 

l 

d.i. 

51.5 

2.95 

17.7 

63.1 


16.5 

10 






73.4 

4.32 

17.1 

10 

4 

Normal 

4S.5 

mm 

271 

54.0 

0.5S 

93 

5 



58. 3 

m 

174 

49.5 

0.69 

77 

; 

5 

3 

d.i. 

45.0 

0.98 

36 

43.5 

2.95 

mm 

5 






45.0 

2.85 

m 

5 

5 

Normal 

42.2 

0.17 

243 

HI 

mm 

mm 

10 



49.5 

0.19 

254 

mm 

mm 

Kg 

10 

6 

d.i. 

57. S 

2.90 

21 

70.8 

9.03 


10 






65. S 

5.27 

Wm 

10 

7 

d.i. 

48.0 

3.84 

12.6 

56.1 


10.0 

2.5 



50. S 

4.10 

12.4 

5S.0 


8.7 

5 ' 






60.4 

6.27 

9.9 

10 


water, since ^ ^jjJp — ~ = per cent of filtered water reabsorbed in the tubule. 

The higher the U/P ratio, the more efficient is the tubular reabsorption of water. 
Increased urine volume might be the result of more rapid filtration without a cor- 
responding increase in the percentage of water reabsorbed, or it might be due to 
a decrease in the rate of reabsorption. The data show that DCA injections 
diminish the tubular reabsorption of water. This effect appears to be very small 
in dog 1, but is very evident in all the other animals. The effect of DCA on 
glomerular filtration appears to depend on the dosage; in every case where 10 
mgm. a day was injected, creatinine clearance was found to be significantly ele- 
vated; with the smaller doses, there was little or no effect. 





























































716 


CHARLES A. WINTER AND W. R. INGRAM 


Discussion. The hypothesis that the polyuria of d.i. is due to the diuretic 
effect of corticoadrenal hormone when it is released from the restraining influence 
of the antidiuretic hormone of the posterior lobe rests principally upon the follow- 
ing observations: 1. DCA injections have a diuretic effect in the intact rat; 
hypopltysectomy is variously said to augment (20) or prevent (21) the effect. 
2. The transient polyuria observed in the rat after hypophysectomy does not 
appear if the adrenals are removed simultaneously with the pituitary (14). 3. 
In short courses of injections in rats, DCA and posterior lobe extracts have oppo- 
site effects on excretion of water, chloride, and sodium (9). 4. In either adre- 

nalectomizedor intact opossums, cortin injections augment awater diuresis, giving 
a more dilute urine, while posterior lobe extract inhibits water diuresis, giving a 
more concentrated urine (6). 5. DCA injections in dogs lead to an augmented 
excretion of urine, with specific gravity lower than normal. 6. Some sort of 
antagonism between DCA and the antidiuretic hormone is indicated by the ob- 
servation that pitressin is less effective than usual in controlling d.i. in dogs, 
while DCA is being administered. 

On the other hand, merely demonstrating a diuretic effect of cortical extract 
or of DCA when injected under suitable conditions does not prove that the 
normal secretion of the intact adrenals is the diuretic agent in d.i. Indeed, 
there are several observations which speak definitely against such a hypothesis. 
Schweizer et al. (15) found that adrenotropic hormone in doses sufficient to main- 
tain adrenal size above normal levels failed to prevent the cessation of the tran- 
sient polyuria of hypophysectomized rats. Furthermore, neither adrenotropic 
hormone nor cortical extract would reinstitute the polyuria after it had subsided. 
Both Ragan et al. (2) and Mulinos et al. (3) reported that dogs with DCA polyuria 
stood water restriction without symptoms of dehydration. This is in marked 
contrast to the effect of water restriction in d.i. 

If the polyuria of d.i. were due to the adrenocortical secretion, one might 
expect that adrenalectomy would ‘'cure” the d.i., but in the cat, at least, such is 
not the case (16). Although the polyuria is diminished after adrenal removal, 
this appears to be merely a reflection of lessened water intake, for the latter 
decreases even more than the urine volume, and the specific gravity of the urrne 
shows that after adrenalectomy of a d.i. cat, d.i. still exists. Furthermore, the 
maintenance of a high degree of polyuria in adrenalectomized d.i. cats during salt 
feeding offers evidence that cortin is not essential for the occurrence of d.i. in the 
cat (18). It is difficult to believe that the mechanism for the production of the 
polyuria of d.i. is different in the cat than in other species. Our failure to pro- 
duce a polyuria in normal cats with injections of relatively large doses of DCA, 
or to increase a d.i. already" present, or to increase the pitressin requirement in a 
d.i. cat, does not lend support to the hypothesis under discussion. 

Ragan et al. (2) and Mulinos et al. (3) emphasized the relation between salt 
intake and the polyuria produced by DCA. The former reported that they 
were unable to produce the polyniria in rats, unless the animals were placed on a 
high salt diet; the latter found that in dogs receiving 2 to 4 mgm. of DCA daily, 
the polyniria depended largely upon the salt present in the diet. Although it is 
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true that in ordinary d.i., large amounts of salt will increase the polyuria, it has 
been shown (13, 17) that in d.i. a good polyuria with low specific gravity can 
exist on a low salt intake, or even a practically salt-free diet. 

The polyuria produced by DCA injections is of a relatively low order of mag- 
nitude, even in dogs, and never approaches the level seen in a good d.i. prepara- 
tion, even though the hoimone is administered in amounts undoubtedly far above 
physiological levels. Our finding that DOA injections retard tubular reabsorp- 
tion of water in dogs does not prove that the adrenal cortex is responsible for the 
similar phenomenon seen in d.i. We may merely have succeeded in demonstrat- 
ing an interesting pharmacodynamic effect of the hormone when it is present in 
abnormally high concentrations. We must conclude that although the hypothe- 
sis of the participation of the adrenal cortex in the establishment of the polyuria 
of d.i. has many attractive features, we must regard it as being far from proven. 

SUMMARY 

In the dog, injection of 2.5 mgm. to 10 mgm. daily of desoxycorticosterone 
acetate markedly increases the severity of diabetes insipidus when it is present. 
Normal dogs receiving such injections develop a syndrome which resembles a very 
mild diabetes insipidus. Pitressin only partially controls desoxycorticosterone 
polyuria, even if given in dosage several times that required to render a dog with 
diabetes insipidus non-polyuric. During administration of desoxycorticosterone 
acetate, reduction of protein intake while the salt intake is kept constant reduces 
the polyuria, but the change in urine volume is less marked than when a similar 
experiment is performed on an ordinary d.i. dog. Increase in nitrogen intake is 
markedly effective in increasing the polyuria. Creatinine clearance studies show 
that, both in normal and in d.i. dogs, desoxycorticosterone acetate reduces 
tubular reabsorption of water. Dosages as large as 10 mgm. daily also increase 
glomerular filtration, but smaller doses have little or no effect. In contrast to 
the results in dogs, injections of desoxycorticosterone acetate in dosages up to 30 
mgm. daily fail to increase the daily water exchange of normal cats. In cats 
with experimental diabetes insipidus, similar injections increase neither the 
severity of the d.i., nor the dosage of pitressin required to relieve it. The rela- 
tion of these findings to the hypothesis that the adrenocortical hoimone and the 
posterior lobe antidiuretic hoimone are physiological antagonists, is discussed. 
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The purpose of these experiments was twofold, namely, to study the effect 
of potassium arsenite on the respiration and gtycolysis of normal and leukemic 
tissues and to attempt to devise a method for increasing the effectiveness of 
this compound in the treatment of leukemia. The second endeavor has not 
been successful, but the results are of interest in that they throw light upon the 
in vitro effects of menadione. 

The use of potassium arsenite (Fowler’s solution) in the treatment of leukemia 
has been developed particularly by Forkner and his associates (1) and is reviewed 
in his monograph (2). The dmg is useful particularly in cases of chronic mye- 
logenous leukemia, frequently inducing a marked reduction in the leucocyte 
count and in the leucocytic infiltration of tissues and improving the general 
clinical condition of the patients. These effects are of interest in that they 
represent one of the few instances in which chemotherapy is of any value in the 
treatment of a malignant disease. The mechanisms by which the drug produces 
these effects are not well understood, although arsenite has long been known to 
inhibit the respiration of a variety of tissues. Also, the extensive studies of 
Krebs, Szent-Gyorgyi and their associates (3, 4, 5) have shown that arsenite 
inhibits keto acid oxidation in kidney, liver, and pigeon breast muscle. Its 
action on leucocytes and myeloid bone marrow cells, however, and its effect on 
glycolysis, except for the limited work of Dresel (6), have apparently not been 
investigated. The following experiments elucidate some of these points. 

I. Effects of Potassium Arsenite on the Respiration and Glycolysis of Normal 
and Leukemic Tissues. A. Effect on respiration. In these experiments, the 
respiration of tissue slices or blood cells was measured in the Warburg apparatus, 
at 38°C., with and without the addition of potassium arsenite. Sodium arsenite 
had the same effects. The medium was neutralized serum (7) i.c., serum to 
which sufficient HC1 had been added to maintain the pH at 7.4 in the absence 
of C0 2 in the gas phase. The duration of the experiments was usually three 
hours. With most tissues, the depressant effect of arsenite on respiration is 
progressive during approximately the first hour, after which the respiration is 
maintained at a nearly constant, though reduced, rate. This latter period has 
been used in comparing the rate of respiration of the arsenite-poisoned and 
normal tissues. 

1 A preliminary report of these experiments has appeared in Fed. Proc. 2: 53, 1943. 

- This work was aided by a grant from the John and Mary R. Markle Foundation. 
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The results are shown in table 1 , from which it may be seen that the inhibition 
of respiration in the leukemic cells is of the same order of magnitude as in the 
normal tissues studied, a selective action of arsenite on leukemic cells not being 
demonstrable by these methods. The possibility remains that leukemic bone 
marrow may be more sensitive to the action of arsenite than leukemic circulating 
leucocytes or tumors; this has not been- investigated because of the difficulty of 
obtaining sufficient quantities of leukemic marrow (without gross contamination 
with blood) for studies by these methods. Also, arsenite may accumulate 
in vivo in the marrow, although the experiments of Hunter, Kip and Irvine (8) 
do not suggest this. The clinical effectiveness of arsenite in the treatment of 
leukemia consequently remains obscure. But the experiments do show that 
arsenite is a general protoplasmic poison, and any method of inducing a more 


TABLE 1 

The effect of graded concentrations of potassium arsenite on the respiration of various tissues 


TISSUE 

% DECK EASE IX Qq, AT KLA^O* CO? 

! X10-> j 2 X 10~* j 1X10-' 

re. of: 

1 x 10-5 

Rabbit bone marrow 

72 (12)* 

56 (8) 

41 (5) 

11 (2) 

Human rib marrow 

5S (5) 




Isormal human leucocytes 



32 (1) 

12 (1) 

Rabbit exudate leucocytes 

77 (2) 

3S (1) 

30 (1) 


Rabbit kidney 

71 (1) 

30 (1) 

2-5 (1) 


Rabbit liver 

36 (2) 




Rabbit brain 


51 (1) 



Rat testis 


49 (2) 


19 (1) 

Human lymphogenous leukemia (blood) 

62 (2) 

44 (2) 

22 (5) 


Human myelogenous leukemia (blood) 

62 (7) 

49 (2) 

33 (5) 


Mouse ljunphogenous leukemia (tumor) 

72 (3) 




Mouse myelogenous leukemia (tumor) 

55 (2) ' 





* The figures in parentheses represent the number of experiments performed. All 
measurements were made in duplicate. 


specific action on leukemic cells would be welcome. An attempt to accomplish 
t his is described in section II, below. 

B. Effect on glycolysis. Concomitant with the decrease in respiration induced 
by arsenite, an increase in aerobic acid production occurs. in bone marrow and 
normal and leukemic leucocytes. A representative manometric experiment 
demonstrating this manifestation of the Pasteur effect 3 is depicted in figure 1. 
Lactic acid analyses made by the method of Barker and Summerson (10) dis- 
close that the acid liberated is lactic acid. Keto-acid analyses made by the 
method of Penrose and Quastel (11) failed to show keto-acid accumulation in 
these tissues in contrast to that in kidney, liver, and pigeon breast muscle 
referred to above (3, 4, 5\. In this respect, arsenite has a qualitatively different 
type of action on myeloid* tissue than on the other tissues cited, but whether this 

s The Pasteur effect in bone marrow is characterized by an increase in glycolysis which is 
reciprocally related to the decrease in respiration occurring at lowered oxygen tensions (9). 
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is the basis for its selective action on myeloid tissue in vivo may be questioned. 
In concentrations which produce the marked effects on respiration and aerobic 
glycolysis depicted in figure 1, we find that arsenite inhibits marrow anaerobic 
glycolysis some 10-20 per cent; the enhancement of aerobic glycolysis is conse- 
quently the result of the impaired respiration rather than a direct effect on 
glycolytic mechanisms 'per se. 

II. Action on Menadione in Counteracting the Metabolic Effects of Arsenite. 
Before studying the effects of menadione, the action of glutathione was investi- 
gated, because the well-known experiments of Voegtlin and his collaborators (12) 
suggested that this compound might be useful in protecting normal tissues from 
the action of arsenite. But our experiments revealed that marrow in its optimal 
medium (serum) is unable to keep glutathione in the reduced state necessary to 



Fig. 1. Effects of arsenite on rabbit bone marrow respiration and glycolysis. 

Fig. 2. Action of menadione in counteracting the effect of arsenite on rabbit bone marrow 
respiration. Concentrations are 2X10 -4 M. arsenite and 2.8X10 -4 M. menadione. 


obtain protection. In fact, even in Ringer solution, in which glutathione 
remains in the sulfhydiyl form, no protection against the arsenite effects is 
obtained with ratios of glutathione : arsenite concentrations as high as 50:1. 

The possibility that menadione (2-methyl-l, 4 naphthoquinone) might be of 
some value in counteracting the effects of arsenite was suggested by the report 
of Fosdick, Fancher and Calandra (13) that menadione inhibits aerobic glycolysis 
of bacteria in the saliva. Summerson (14) observed a similar, though less 
marked, effect on the aerobic glycolysis of exudate leucocytes, in winch it also 
induces a transient increase in oxygen consumption. On both respiration and 
aerobic glycolysis, therefore, its action is the reverse of that of arsenite. Fur- 
thermore, both compounds are known to react with sulfhydryl groups (12, 14, 
15). On the basis of these facts, studies were made of the ability of menadione 
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to counteract the effects of arsenite on marrow respiration and glycolysis. 
Figure 2 shows the results of a typical experiment in which rabbit bone marrow 
respiration was measured with and without addition of arsenite, and menadione 
was added to one of the samples of tissue after it had been poisoned with arsenite 
for one hour. For the next 45 minutes, the rate of respiration was restored to 
virtually normal, but decreased to an intermediate rate during the next hour. 
The increased oxygen consumption of normal tissue treated with menadione is 
also shown. Description of numerous experiments demonstrating these effects 
does not appear warranted in view of the findings to be reported below, but the 
same type of result was also obtained with human rib marrow and with exudate 
leucocytes. Also, in these tissues, the increase in aerobic glycolysis induced by 
arsenite is reversed by menadione. The R. Q. of marrow treated with mena- 
dione, with or without added arsenite, is the same as that of normal marrow, 
about 0.96 (16), suggesting that the increased oxygen consumption induced by 
menadione is a true respiration. 4 

In the hope that menadione would counteract the effects of arsenite on normal 
but not leukemic cells, this point was investigated using both mouse and human 
leukemic material. The respiration of 3 myeloid and 3 lymphoid mouse leu- 
kemic tumors, kindly supplied by Doctor Furth, was studied with the addition 
of arsenite and arsenite plus menadione. Only slight reversals (0-30 per cent) 
of the arsenite depression of respiration were obtained, as compared with an 
85 per cent reversal in the case of normal rabbit bone marrow under similar 
conditions. With suspensions of leukemic leucocytes from 2 cases of human 
myelogenous leukemia, the reversal of the arsenite depression of respiration 
averaged 61 per cent. 

On the basis of these somewhat encouraging results with the mouse leukemias, 
Dr. Jacob Furth and Dr. Curtis Flory, of the Department of Pathology, investi- 
gated the feasibility of using arsenite plus menadione in the treatment of leu- 
kemia in mice. The results of preliminary observations were not encouraging 
and it was noted that the minimum lethal dose of arsenite was not appreciably 
elevated by simultaneous administration of menadione. This suggested that 
the effects of arsenite on tissues other than myeloid tissue might not be counter- 
acted by menadione. Accordingly, tissue respiration experiments were per- 
formed with liver and kidney cortex slices and it was found that menadione was 
completely unable to overcome the depressant effects of arsenite on these organs. 
In these tissues, as mentioned above, arsenite has a different effect than on 
myeloid tissue in that keto-acids rather than lactic acid accumulate as the 
result of the poisoning. It may also be noteworthy that these tissues, unlike 
myeloid cells, do not normally exhibit aerobic glycolysis. 

Finally, to determine whether menadione truly protects marrow cells from 

4 It should be noted in passing that the concentrations of menadione used in this study 
are so much greater than those needed to obtain anti-hemorrhagic effects in vitamin K 
deficiency that no inferences may be drawn from the present experiments with reference to 
its action as a vitamin K substitute. 
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the action of arsenite, we have used the supravital staining technique to make 
direct observations of normal bone marrow cells poisoned with arsenite in vitro. 
The leucocytes and metamyelocytes normalty exhibit active amoeboid move- 
ment, and in most myelocytes, the granules are in rapid movement, sometimes 
associated with streaming movements of the cytoplasm. All these types of 
cellular activity are progressive^ depressed by arsenite in the concentrations 
necessary to depress respiration. Lower concentrations are without effect on 
motility. 

Menadione was found to be completely ineffective either in preventing or 
in restoring this damage to cellular and intracellular motility. In fact, if the 
greatly impaired motility is regarded as manifesting a toxic effect on the cells 
(as seems probable), menadione itself is toxic in the concentrations necessary 
to maintain respiration, for it impairs motility to fully the same extent as arsenite. 
These observations do not necessarily preclude the possibility of veiy small 
doses of menadione and arsenite being of some value therapeuticalh r in leukemia, 
but do serve to make the outlook less promising than would otherwise be inferred 
from the respiration studies. Glutathione was also found to be ineffective in 
preventing or counteracting the arsenite effects on motility. 

III. Mechanism of the Menadione Effects. This subject has not been investi- 
gated fully, but three factors are prohabty involved. One is the oxidation- 
reduction potential of the compound. Dr. Otto H. Muller of the Department 
of Anatomy was kind enough to investigate this point by measuring the oxida- 
tion-reduction potential of menadione by the polarographic method (17). He 
found the value of Eh at pH 7.4 to be +0.035 v. and noted that this potential 
was intermediate between that of methylene blue, +0.01, and the related com- 
pound thionine, +0.05 (18). Subsequently, both these dyes, particularly the 
latter, were also found to counteract the effects of arsenite on marrow respiration 
and glycolysis. Like menadione, neither protected the motility of myeloid 
cells from the action of arsenite although thionine did not of itself impair motility. 
Methylene blue was quite toxic to motility. The parallelism between the actions 
of menadione and methylene blue was further strengthened by demonstrating 
that menadione, like, methylene blue (19), markedly increases the respiration 
of mammalian erythrocytes. Consequently, in studying its effects on leukemic 
blood cells, the erythrocytes were first removed by differential sedimentation. 

A second factor is the possibility of menadione enhancing the oxidation of 
lactate, de Meio, Kissin and Barron (20) point out that methylene blue par- 
ticularly increases the respiration of those tissues which exhibit aerobic lactic 
acid formation and present evidence that lactate is the substrate for the met-hjd- 
ene blue effect. Menadione, as mentioned above, counteracts the effects of 
arsenite on myeloid tissues, in which lactic acid accumulates, but does not do so 
with liver and kidney cortex, in which there is no accumulation of lactic acid. 
These facts, plus the similarity of the oxidation-reduction potentials of mena- 
dione and methylene blue, suggest that lactate may be oxidized by menadione. 
This would also account, either wholly or in part, for the effect of menadione in 
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decreasing the aerobic glycolysis of marrow (present paper), exudate leucoc 3 i:es 
(14) and certain bacteria (13). 

A third factor affecting the action of menadione may be its ability to react 
with sulfhydry] groups (12, 15). Phthiocol, 2-methyl-3-hydroxy-l, 4 naphtho- 
quinone, is similar in structure to menadione except for the additional hydroxy 
group in the 3-position which blocks the reaction of the compound with sulf- 
hydryl groups (15). Phthiocol was found to be completely without effect in 
counteracting the action of arsenite on marrow. However, the oxidation- 
reduction potential of this compound at pH 7.4 is —0.200 (21), i.e., so much 
lower than that of menadione, methylene blue and thionine that it is not possible 
to conclude whether the failure of phthiocol to counteract the action of arsenite 
is due to its inability to react with sulphydryl groups, its low oxidation-reduction 
potential or to both properties, which may themselves be related. 

SUMMARY AND CONCLUSIONS 

1. Potassium (or sodium) arsenite depresses to much the same extent the 
respiration of normal rabbit bone marrow, normal human bone marrow and 
human leukemic leucocjdes. This is accompanied by an accumulation of lactic 
acid in these tissues in contrast to the keto r acid accumulation in liver, kidney 
and pigeon breast muscle demonstrated by other authors. 

2. Menadione increases marrow respiration, decreases aerobic glycolysis and 
under selected conditions counteracts the effects of arsenite on these metabolic 
entities. 

3. Nevertheless menadione is unable to restore the amoeboid and granular 
movement of myeloid cells poisoned with arsenite, and of itself impairs these 
forms of motility. 

4. The mechanism of the action of menadione is discussed in relation to its 
oxidation-reduction potential, its ability to react with sulflydryl groups and 
the possibility of its inducing the oxidation of lactate. In several respects, its 
action in vitro is similar to that of methylene blue. 

5. Glutathione is ineffective in preventing or counteracting the effects of 
arsenite on the respiration and motility of marrow cells. 
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The ability of the heart to maintain its normal metabolism and work output 
must depend upon the capacity of the coronary vessels to supply oxygenated 
blood to the nwocardium. Similarly, the ability of the heart to increase its 
metabolism in the presence of an augmented load would appear to reside in the 
capacity of the coronary vessels to maintain or even increase the supply of blood 
to the heart muscle. However, investigations in the past have failed to offer 
any support for this reasonable expectation. Anrep and associates (1) and 
Katz, Jochim and Weinstein (2), using heart-lung and isolated heart prepara- 
tions in which the coronary arteries were perfused under constant pressure, found 
that increasing the load of either ventricle by elevation of intraventricular 
pressure caused a decreased flow in its corresponding coronary artery. Visscher 
and associates, using a special lieart-lung preparation, have presented evidence 
that elevation of pulmonary artery pressure to the extent that the aortic-pul- 
monary artery pressure difference is less than 60 mm. Hg (3) or less than 40 mm. 
Hg (4), causes a diminution in extra-coronary sinus drainage into the chambers 
of the right heart and therefore presumably a diminution in coronary inflow, 
particularly that of the right coronary artery. Finally, Gregg (5) has reported 
that the differential pressure for right coronary inflow is decreased (indicating 
greater peripheral coronary pressure and presumably a smaller rate of flow) 
throughout the cardiac cycle when the pulmonary artery is partially occluded 
in the open chest anesthetized dog. 

Even though it would appear that the heart progressively deprives itself of 
its own blood supply as the load upon it increases, the situation must neverthe- 
less be regarded as one of poor economy. It would be more reasonable to 
anticipate that, unless the load were excessively great, an organ as vital as the 
heart would have at its command compensatory' means by which its blood 
supply could be, at least in part, adjusted to its metabolic requirements. 

With the introduction of the rotameter into physiological experimentation (6) 
a method was made available by which blood flow measurements could be made 
with comparative ease in many different vessels of the anesthetized dog without 
the necessity of seriously disturbing the “intact” state of the experimental 
animal. Most of the previous investigations have involved a rather extensive 
artificial substitution for, or supplementation to, the normal cardiovascular 

1 The expenses of this investigation were defrayed to a large extent by a grant from the 
Commonwealth Fund. 

1 Preliminary- reports of part of this work were presented before the American Physiolog- 
ical Society at the Boston Meeting, April, 1942, and before the Cleveland Section of the 
Society for Experimental Biology and Medicine, November, 1942. 
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dynamic circuit. The present study is an attempt to reveal the relationship 
of coronary flow to changes in load put upon the heart in a preparation which 
retains a closer approximation to the normal anesthetized dog. 

Procedure and methods. The present investigation is restricted to the 
study of changes in right and left coronary inflow in the presence of an elevated 
right ventricular pressure. Following pre-operative morphine administration 
dogs were anesthetized with sodium pentobarbital. Artificial respiration was 
instituted, portions of the 3rd, 4th and 5th left ribs were resected, and the 
pulmonary and right coronary arteries exposed. Following the injection of 
anticoagulants (a combination of heparin, 100 U/kilo, and pontamine fast pink, 
150 mgm./kilo) a trocar was inserted into the right common carotid artery to 
the level of the aortic valves and through this blood was led to a rotameter of 
appropriate design (6). For determination of changes in right coronary inflow 
the blood from the rotameter was led through rubber or lead tubing to the 
cannulated peripheral end of the right coronary artery, the central end having 
been tied about 6-8 mm. from its origin in the aorta. The height of the rotame- 
ter float was visually noted, and the mean rate of flow into the arteiy determined 
from the proper calibration curve. For determination of changes in left coro- 
nary inflow the procedure was essentially the same except that either the ramus 
descendens or left coronaiy arteiy was cannulated. In the latter instance the 
left coronaiy artery was isolated adjacent to the aorta and cannulated via a 
special cannula inserted into an artificial opening made in the brachio-cephalic 
arteiy. Aortic and right ventricular pressures were recorded with Gregg optical 
manometers (7, 8, 9). Right ventricular pressure (RA T P) was elevated by an 
adjustable “share” loop of cord which encircled the pulmonary artery just distal 
to the conus. Aortic pressure could be altered as desired by an adjustable 
aortic clamp applied a few centimeters above the diaphragm. In some instances 
the chest plate was removed. The trend of the results obtained following this 
more extensive exposure did not differ detectably from that obtained following 
only partial resection of the chest wall and will not be considered separately. 

Results. Right coronary inflow versus augmentation of right ventricular pres- 
sure. The change in right coronary inflow, in the presence of an elevated right 
ventricular pressure, was determined under three different circulatoiy condi- 
tions: 1, the pulmonary arteiy was gradually compressed and no effort was 
made to compensate an}’ accompanying fall of aortic pressure; 2, right ventricu- 
lar pressure was gradually elevated but the aortic pressure was restored to its 
control level by partial occlusion of the lower thoracic aorta; 3, a pre-determined 
and considerable amount of pulmonary constriction was abruptly applied and 
the fall in aortic pressure immediately compensated. 

Representative data compiled from different experiments are presented in 
figure 1. A common ordinate scale denotes systolic and diastolic aortic (coro- 
nary perfusing) pressure, systolic and diastolic RVP, and mean rate of right 
coronary inflow, while the time and duration of pulmonary constriction and release 
are indicated on the abscissa. 

Figure 1, part A, illustrates condition 1 above. Within 0.2 minute after 
pulmonary constriction was begun, right coronary inflow increased slightly from 
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13 to 15 ec./min. as systolic RVP rose from 30 mm. to 40 mm. Hg. Further 
elevation of RVP to 50 mm. Hg increased the inflow to 17.5 cc./min. while 
aortic pressure dropped slightly (118/81 mm. Hg). Finally the RVP was in- 
creased to 75/3 mm. Hg at which point aortic pressure fell to 100/66 mm. Hg. 
Despite the fall in coronary perfusing pressure, right coronary inflow continued 
to rise to 20 cc./min. 

Part B, figure 1, illustrates condition 2 above in which, after a gradual and 
moderate elevation of RVP had progressed to the point at which aortic pressure 
became reduced (but right coronaiy inflow was still increased), the aortic pres- 
sure was compensated to its control level by the thoracic aortic clamp. This 
was accompanied by a further rise in RVP and an additional increase in right 
coronary inflow. 

Part I, figure 1, illustrating condition 3 also shows a large increase in right 
coronary inflow. 

The essential findings may be summarized as follows: 1, right coronaiy inflow 
begins to increase almost immediately with mild augmentation of RVP and 
increases progressively as systolic RVP rises to quite high levels (60-80 mm. Hg) ; 
2, the increase in coronaiy inflow persists as long as RVP remains elevated, at 
least up to 25 minutes. (No continuous observations were made for periods 
longer than 25 min.) ; 3, the increase in right coronaiy inflow may occur in spite 
of an uncompensated reduction in aortic blood pressure 3 ; 4, following release 
of the pulmonary constriction and return of RVP to the control values the 
right coronary inflow may return to the control level rather promptly, gradually, 
or may undergo a further but temporary increase before gradually subsiding; 
5, in all dogs (31 in number) in which the aortic pressure was maintained at or 
slightly less than the control level, right coronary inflow increased from 25-200 
per cent with pulmonary constriction, the usual increment being about 50-75 
per cent of the control value. 

Left coronary inflow versus elevation of right ventricular pressure. The ana- 
tomical studies of Moore (10) have indicated that in the dog’s heart the ramus 
descendens of the left coronaiy artery contributes to the blood supply of the 
right ventricular myocardium, near its apex, along the intraventricular sulcus, 
and in the region of the pulmonary conus. Physiologically, it has been demon- 
strated that a portion of the left coronary inflow normally drains through the 
anterior cardiac veins over the surface of the right heart (11). Elevation of 
RVP might therefore be expected to increase the inflow to those portions of the ' 
right myocardium supplied by r the left coronaiy artery. Accordingly, the inflow 
in the ramus descendens branch or in the left coronary artery was determined 
before and during pulmonary artery constriction. In all of five determinations 
moderate flow increases ranging from 19 to 29 per cent were observed. (For 
examples, c.f. fig. 1, parts L, M). Expressed in absolute amounts the flow 
increments compare in magnitude with those found in right coronary inflow. 

3 Obviously, if pulmonary constriction is so severe that aortic pressure falls to a low 
level, the coronary perfusing pressure head will be depressed by such an amount as to cause 
a decrease in the coronary inflow. 
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Discussion. In the anesthetized open chest dog, elevation of RAT (10- 
400 per cent) causes a significant increase in blood flow through the right coronary 
artery and a smaller increase in left coronary inflow. These findings are dia- 
metrically opposed to those reported by Gregg (5), using the intact dog,’ and 
by Katz (2) and Visscher (3, 4), using the isolated heart, heart-lung preparation 
or its modification. However, although no attempt has been made in this 
laboratory to evaluate the adequacy of these latter preparations, it is suggested 
that the difference between the findings presented here and those of previous 
workers could well be attributed to the relative viability and physiological 
normalcy of the respective preparations. In the experiments presented here 
the animal’s cardiovascular st’stem was left intact except for the insertion of a 
rotameter between the common carotid or brachiocephalic artery and the 
coronary artery under stud} r . The animal’s own flow and pressure regulating 
mechanisms were undisturbed except in those instances when partial occlusion 
of the lower thoracic aorta was desired for the regulation of coronary perfusing 
pressure. Further, the elapsed time between anesthetization of the dog and 
the procurement of experimental data could be held in most experiments to a 
period not exceeding one hour. 

Under these conditions the right heart of the anesthetized dog responds to an 
augmented load with an increase in the rate of coronary inflow. However, it 
should not be concluded that the increase in flow necessarily compensates fully 
for the increased metabolic requirements of the heart. If and when the right 
heart ultimately fails as the result of the increased load it will have failed in 
spite of an early augmentation in coronary inflow and not because the coronary 
inflow was initially reduced. 

The cause for the observed increase in light coronary inflow and its ultimate 
destination in the venous channels draining the heart are being investigated. 

smnn.RY 

The effect of pulmonary artery constriction upon coronary inflow has been 
studied in the anesthetized open chest dog. Progressive elevation of right 
ventricular pressure by this means (to 80 mm. Hg systolic) is accompanied by 
a progressive and considerable augmentation in right coronary inflow (25- 
200 per cent) and a smaller but definite increase in left coronary inflow (19 to 
29 per cent) when aortic perfusing pressure remains or is kept at the control 
value. Right coronaiy inflow may also increase in spite of a moderate, uncom- 
pensated reduction in coronary perfusing pressure (aortic pressure). 

These findings, obtained in the anesthetized, open chest dog, are diametrically 
opposed to those reported by other investigators using different methods and 
preparations. 

4 xhc utilization of peripheral coronary pressure measurement is not now regarded by 
the present authors as a valid method for the determination of coronary flow. This view- 
point will be elaborated in a subsequent communication. 
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Anatomical studies of the coronary vascular system (1) have demonstrated 
the presence of two separate pathways for venous drainage of the myocardium: 
1, the superficial or subepicardial venous system which empties into the right 
atrium and consists of the anterior cardiac veins and the coronary sinus together 
with its contributing veins; 2, the deeper system of veins which communicates 
directly with the chambers of the heart. The functional significance of some 
of these pathways has been the subject for extensive physiological study by 
many investigators. The early work of Morawitz and Zahn (2) led to the belief 
that essentially all coronary blood was drained by way of the coronary sinus. 
The importance of the Thebesian or deep drainage channels was suggested by 
the work of Evans and Starling (3), and Markwalder and Starling (4), who 
showed that a very considerable portion of coronary blood drains other than 
through the coronary sinus. Subsequent investigators have offered abundant 
confirmation of the latter finding and have further indicated that the left ven- 
tricular myocardium is drained largely by way of the coronary sinus, and the 
right heart almost entirety by the Thebesian vessels (5, 6, 7, 8). 

While these and other investigators have studied the flow from both the super- 
ficial and deep venous pathway's, no consideration has been given to the possible 
role played by the anterior cardiac veins (anatomicalty the lesser part of the 
superficial cardiac venous system). The anterior cardiac veins (AC veins) are 
several good sized venous trunks which lie buried in the subepicardial fat occupy- 
ing the sulcus between the light atrium and the right ventricle. Each is formed 
by the confluence of many smaller veins which course over the surface of the 
right ventricle and empty into the right atrium about 4 to 8 mm. superior to 
the ventricular edge of the tricuspid valve. Since they appeared large enough to 
cany a considerable volume of blood, experiments were designed to determine 
their functional importance as a discrete and separate exit channel for coronary 
blood and to estimate the contribution which the right and left coronary arteries 
make to the AC venous flow. 

jMethods. Each experiment was performed on a dog to which sodium pento- 
barbital (20 mgm./kilo) was administered intravenously. (Morphine was given 
subcutaneously about 30 min. preoperatively.) After artificial respiration was 
instituted the chest plate was removed. Dissection in the subepicardial fat 
occupying the sulcus between the right atrium and right ventricle was carried 

1 The expenses of this investigation were defrayed by a grant from the Commonwealth 
Fnud. 
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out starting from the root of the pulmonary artery and proceeding to the point 
of entrance of the coronary sinus so that each AC vein was isolated and traced 
to its point of entry into the right atrium. After the intravenous injection of 
anticoagulants (heparin — 100 units per kilo and pontamine fast pink — 150 
mgm./kilo) small glass cannulac were inserted into the right atrium through 
small puncture holes made 1-2 cm. superior to the point of entry of the 
respective AC veins, and then each was inserted into the orifice of a vein 



Fig. 1. Photograph of clog’s heart showing distribution of anterior cardiac veins over 
the surface of the right ventricle. 

and tied in place. In each dog several of the AC veins were quite small and 
their cannulation was not attempted. Occasionally two or three large branches 
of an AC vein emptied through a common atrial opening, in which case 
cannulation of each separate branch was made through the common opening 
when feasible. In several dogs, of the four or five major anterior veins present, 
only one, two, or three were cannulated, the remaining veins being left un- 
disturbed. 
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For the measurement of AC vein flow one of two methods was employed: 
1. Blood was led from each cannula through a rubber tube to a common conduit 
attached to a rotameter (9) from which it returned to the right auricle by way 
of a cannula tied into the right auricular appendage. 2. AC vein flow from 
the common conduit was measured in a graduate after passing through a rubber 
tube, the opening of which was held at a level 1-2 cm. above the level of the 
maximum pressure in the right atrium (as determined by the height of the blood 
in a vertical glass tube inserted into the right auricular appendage). 

For the measurement of right coronary inflow a cannula of a length sufficient 
to reach to within 1-2 cm. of the aortic valves was inserted into the left common 
carotid artery. From the cannula blood was led through a rotameter to the 
peripheral end of the right coronary artery (which had been severed about 6-8 
mm. from its aortic orifice and its central end tied). In many experiments a 
loose ligature was placed around the left coronary artery at its aortic origin 
for temporary occlusion of the artery when desired. Mean blood pressure was 
determined by means of a mercury manometer connected to the carotid cannula. 

To determine the source of the blood flowing from the AC veins right coronary 
inflow and AC vein outflow were measured simultaneously and changes in the 
latter observed during a brief period when either the left coronary, the right 
coronary, or both right and left coronary arteries were clamped. 

Sketches and/or photographs were made of all hearts showing the number 
and placement of the AC veins. In some hearts the major AC veins which 
had been cannulated were injected with a barium sulphate-gelatin mixture and 
roentgenograms taken. 

Results. Distribution of anterior cardiac veins. Figure 1 is a photograph 
showing the widespread, superficial distribution of the AC veins over the ante- 
rior surface of the undisturbed heart. Figure 2A is a roentgenogram illustrating 
the extensive distribution of the branches of the four major AC veins cannulated 
in another heart. The heart illustrated in figure 2B had three major AC veins 
of which one (with three branches) has been injected. 2 As observed in this 
and most other hearts the contrast medium was seen to pass through anastomotic 
channels to branches of the great cardiac vein. Several communicating veins 
are shown in figure 1 and figure 2B. Figure 2C is a photograph of the interior 
of the right atrium of another heart showing four major AC vein openings in 
which plugs of injection material remained after removal of the cannulae. 

Of 18 hearts studied, three possessed two major AC veins, eight had three, 
five had four, and two had five veins. In each heart one AC vein was found 
which, in addition to draining a portion of the base of the right ventricle, also 
received sizable branches from the pulmonary conus and adjacent fat tissue 
(cf. figs. 2A and 2C). In all hearts a variable number of small AC veins were , 
present which were not cannulated. 

Volume of anterior cardiac vein flow. In table 1A are shown typical values 
for AC vein flow in dogs of different weights and with different aortic blood 

= The cannulae have been removed from the common opening through which the individ- 
ual branches were injected. 
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pressures. In some experiments all of the major AC veins were cannulated; 
in others the flow in only a part of the total number of larger veins was cleter- 



Fig. 2A. (Upper left) Roentgenogram of heart in which the four major anterior cardiac 
veins have been cannulated and injected with contrast medium. Anterior view. 

Fig. 2B. (Upper right) Roentgenogram of heart in which three branches of one anterior 
cardiac vein have been injected. Anterior view. See discussion in text. 

Fig. 2C. (Lower) Photograph of interior of right atrium showing the position of four 
major anterior cardiac vein openings with plugs of injection material remaining after 
removal of cannulae. The arrow points to the opening of the vein which drains the pul- 
monary conus region (see text). 

mined. In no instance were attempts made to cannulate the small veins. In 
those experiments in which all of the major AC veins were cannulated, the flow 


736 


D. E. GREGG, R. E. SHIPLEY AND T. G. BIDDER 


values range from 8.5 to 26.5 cc. per minute. The flow from the AC veins 
may be augmented b.y clamping the thoracic aorta or the injection of epinephrine. 
The effects of the latter two procedures are illustrated in table 1 , part B. 

Source of anterior cardiac vein flow. To establish the source from which the 
AC vein flow arises, the right and left coronary arteries were both occluded 
for 25-30 seconds. The blood pressure fell not more than 5-10 mm. Hg during 


TABLE 1 




FLOW 

RATIO (%) 
AC FLOW 

(3) 

RT. COR. 
FLOW (4) 


DOG 

WEIGHT 

MEAN 

BP 

Anterior 

cardiac 

veins 

Right 
coro- 
na r>' 

artery 

REMARKS 

i 

2 

3 

i 4 


i 


Part A — Normals 


kgm. 

21.3 

mm. U g 

85 

cc.fmtn. 

12.0 

cc./min. 

12.0 

100 

Flow measured in all 3 major AC veins 

24.0 

90 

19.0 

21.5 

ss 

Flow measured in all 3 major AC veins 

24.0 

120 

26.5 

37.0 

72 

Flow measured in all 3 major AC veins 

19.3 

94 

16.5 

15.0 

110 

Flow measured in both major AC veins 

18.2 

S2 

13.5 

26.0 

52 

Flow measured in 2 of 4 major AC veins 

21.5 

70 

12.0 

12.0 

100 

Flow measured in 3 of 5 major AC veins 


Part B — Variables 


18.3 

60 

26.0 

25.0 

104 

Control — Flow measured in all 5 major AC veins 


86 

34.0 

30.0 

113 

Constriction of aorta 

16.5 

70 

5.0 

6.S 

74 

Control — Flow measured in 1 of 2 major AC veins 


125 

10.8 

11.0 

9S 

Constriction of aorta 

19.3 

70 

12.0 

12.0 

100 

Control — Flow measured in both major AC veins 


105 

30.0 

25.5 

118 

Epinephrine by jugular vein 

16.5 

70 

5.0 

7.0 

71 

Control — Flow measured in 1 of 2 major AC veins 


125 

21.0 

18.0 

117 

Epinephrine by jugular vein 


125 

35.0 

33.0 

106 

Epinephrine by jugular vein 

21.3 

120 

6.0 

S.O 

75 

Control — Flow measured in all 3 major AC veins 


110 

CO 

b 

20.0 

65 

Nitroglycerine by jugular vein 


this period. In one experiment the flow from the AC veins was reduced almost 
to zero. In other experiments a residual flow remained (0.5-1. 0 cc.) equal to 
5-10 per cent of the control AC flow. Examination of the latter hearts at the 
close of the experiments revealed the presence of 1 or 2 right coronary artery 
twigs central to the right coronary cannula which were not occluded during 
the experimental procedure. Therefore, almost all if not the entire anterior 
vein flow must be regarded as having its origin in the coronary arteries. 
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Since the AC veins are anatomically disposed over the surface of the right 
ventricle, it would seem probable that they drain a myocardial area which is 
largely supplied by the right coronary artery. Simultaneous measurements of 
right coronary inflow and AC vein outflow (all major veins cannulated) show 
in different experiments that the latter may vary from 72 to 118 per cent of the 
former and that both vary in the same direction under the influence of altered 
dynamic conditions (cf. table 1, A, B). 

The AC vein blood arises from both coronary arteries (cf. graphs of fig. 3 
for typical data). Temporary clamping of the left coronary artery causes a 
slight rise in right coronary inflow while the AC vein outflow diminishes. Simi- 
larly, when the right coronary artery is clamped, the AC vein flow again dimin- 
ishes, but a considerable residual flow (arising from the left coronary artery) 
remains. As established by such clamping procedures, the respective contribu- 
tions of the two coronary arteries to the AC vein flow are variable in different 
experiments, but the major contribution is from the right coronary artery. 

Discussion. Measurements of outflow from the AC veins in the open chest, 
anesthetized dog have demonstrated the functional significance of these vessels 
in draining the nyocardium, particular^ that of the right ventricle. It follows, 
therefore, that any consideration of the venous return from a coronary bed 
must include recognition of the role played bj r the AC veins as well as that of 
the coronary sinus, Thebesian, and other luminal vessels. 

It is significant that blood leaving via the AC veins is almost, if not entirely, 
derived from the coronary arteries. In view of the anatomical disposition of 
the AC venous system over the right ventricle, it is not unreasonable to expect 
that AC vein blood would originate largely in the right coronary artery, nor 
is it difficult to imagine that a considerable portion of right coronary blood 
could be drained by this anatomically intimate and relatively extensive system 
of venous channels. On the same basis, the appearance of left coronary blood 
in the AC veins might have been anticipated. Inspection of the surface of the 
heart reveals that small twigs of the left descending branch supply a “fringe” 
of the septal border of the right ventricle and pulmonary conus from which 
many of the fine branches of the AC veins may be seen to arise. In the same 
area branches of the great cardiac vein may be seen to anastomose with those 
of the AC veins (cf. fig. 1 and fig. 2B). 

It is evident that the total AC vein flow recovered from the major veins can- 
nulated originates predominantly in right coronary artery although the relative 
amount varies in different dogs. The individual AC veins also vary with 
respect to the amount of blood contributed to each of them b} r the two coronary 
arteries. Although most of the veins cany predominantly right coronary blood, 
the AC vein which drains the pulmonary conus region (figs. 2A and 2C) derives 
its blood in greater part from the left coronary artery. 

On the basis of the data already presented in figure 3 an approximation can 
be made of the amount of right coronary inflow which is drained via the anterior 
cardiac veins. In different experiments from 50-92 per cent of right coronary 
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Fig. 3. Chart of data from different experiments illustrating: 1, the relative volumes 
of flow measured simultaneously in the right coronary artery and anterior cardiac veins; 
and 2, the source of the anterior cardiac vein flow as shown by clamping of either the left 
or right coronary artery. In each part the bar on the left represents the rate of right coro- 
nary inflow, and that on the right, the rate of anterior cardiac vein outflow. Dotted lines 
(and areas) in each pair indicate the control values for both arterial and venous flows. 
Solid lines (and areas) represent the flow values after clamping of a coronary artery as 
indicated below. Part A. Flowin right coronary artery versusflow from allmajor anterior 
cardiac veins before and during occlusion of left coronary artery. *Epinephrine given 
intravenously and no control flows obtained before occlusion of left coronary artery . Part 
B. Flow in right coronary artery versus that from all major anterior cardiac veins before 
and during occlusion of right coronary artery. Part C. Same as for part B except that 
anterior cardiac vein flow was measured from 2 out of 4, 1 out of 2, and 1 out of 4 major AC 
veins, respectively. Transverse dotted lines and bars in upper part of chart, mean aortic 
blood pressure. Flow (cc. per min.) in right coronary artery and anterior cardiac veins 
and mean aortic blood pressure (mm. Hg) indicated on ordinate scales. 

inflow is found to drain into the right atrium by way of the AC veins. These 
values were derived both directly and indirectly. The measurement of right 
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coronary inflow and AC vein outflow during a temporary complete occlusion 
of tlie left coronary artery allowed direct comparison of the two recorded flows 
without interference from blood entering via the left coronary. Indirectly, 
right coronary drainage through the AC veins can be estimated by observing 
the amount by which the AC vein flow diminishes when the right coronary 
artery is temporarily occluded. As mentioned above, these two methods prob- 
ably give only approximate percentages for the relative amount of right coronary 
blood draining via the AC veins. However, it is suggested that not only the 
values of 50-92 per cent but also those for the total AC vein flow probably err 
on the conservative side for one or more of the following reasons: 1. Clamping 
of the left coronaiy artery will marked!}* reduce coronary sinus outflow, thereby 
establishing a favorable pressure gradient for an increase in the non-AC vein 
drainage of the right ventricle. 2. Similarly, clamping of the right coronary 
artery imtially* reduces the AC vein outflow (by an amount equal to the artery’s 
original contribution before clamping) which in turn affords an easier pathway 
for blood from the left coronaiy artery to leave the right myocardium by A\*ay 
of the AC veins. Consequent!}* the recorded residual AC vein flow which 
remains after clamping of the right coronary artery may exceed that which is 
normally drained from the left coronary artery, and the right coronary contribu- 
tion, found by subtraction of the residual flow from the original flow, therefore 
appears to be less. 3. The manipulation and transient occlusions of the AC 
veins incident to their isolation and cannulation could conceivably promote 
collateral flow from the AC veins through anastomotic channels (c.f. figs. 1 
and 2B) to the coronaiy sinus. This possibility is supported by the observa- 
tion that flow from the AC veins may be permanently diminished (for the dura- 
tion of the experiment) by clamping them for 1-2 minutes. 4. The resistance to 
outflow imposed by the small AC vein cannulae, rubber tubes (and rotameter) 
and any unrecognized torsion or flexion of the several cannula tips in their 
veins must cause a greater limitation of flow than that which exists in the uncan- 
nulated veins emptying directly into the right atrium. 5. In all experiments 
only major AC veins were cannulated and several small to medium sized veins 
Avere always present from irhich the floAV of blood was not measured. 

Consideration of the above factors offers reasonable justification for the belief 
that, in the undisturbed heart, the AC A r eins normally drain not only a greater 
absolute quantity of blood but also a greater percentage of the right coronary 
inflow than even the experimentally determined A 7 alues of 50-92 per cent. 

The general interpretation of the findings of Katz, Jochim and Weinstein (6) 
is that approximately 90 per cent or more of right coronaiy infloiv drains \ r ia 
the Thebesian channels of the right heart. The present study reveals that the 
AC veins (and not the Thebesians) constitute the major drainage pathway for 
the right coronaiy artery. While the findings presented here Avould appear to 
be entirely incompatible with those of Katz and associates, careful reading of 
their communication reveals that the authors have- measured total flow issuing 
from the chambers of the right heart and refer to it as arising from both “acces- 
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sory veins and Thebesian channels.” On the basis of the results presented here, 
it is tempting to conclude that this combined flow in then experiments originates 
in large part from the AC veins. However, because of the failure of these 
authors to separate Thebesian and AC vein flow, such a conclusion is not justi- 
fied; on the other hand, it is equalty fallacious to assume that the combined flov; 
in their 'preparation is entirely or even predominantly Thebesian. 

The apparent reluctance of many investigators to consider the possible sig- 
nificance of the AC vein flow (even when it is measured together with Thebesian 
flow) would seem to reflect either a specific favoritism for the role of the The- 
besian vessels, or an unwarranted, yet conventional neglect of a known, but 
heretofore virtually ignored, venous drainage system. 

It is suggested that all studies of cardiac venous channels, flow partitions, and 
Thebesian drainage, which have been made in the past without consideration 
of the role of the anterior cardiac veins, should be subjected to a critical re- 
evaluation before the associated conclusions can be accepted as being valid. 

sttseuary 

The number and anatomical distribution of the major anterior cardiac veins 
of the dog’s heart have been studied from roentgenograms of specimens injected 
immediately postmortem. Inspection alone reveals that the greater portion 
of the subepicardial surface of the right ventricle is traversed by many small 
branches which merge to form, in different hearts, from two to five major ante- 
rior cardiac veins. Each major vein empties separately and directly into the 
right atrium about 4 to 8 mm. superior to the border of the tricuspid valve. 
Other smaller veins are invariably present. 

The functional importance of the anterior cardiac veins, virtualty ignored by 
previous investigators, is demonstrated. In 16 anesthetized open chest dogs 
with different body weights and blood pressures, the flow from all the major 
anterior cardiac veins cannulated ranged from 8.5 to 26.5 cc. per minute. The 
flow could be increased greatly by various procedures. It was established that 
flow from the anterior cardiac veins is almost, if not entirety derived from the 
coronary arteries, and its magnitude generally approaches and not infrequentty 
exceeds the simultaneously measured right coronary inflow. 

The major portion (50-92 per cent) of right coronary inflow was found to 
drain via the anterior cardiac veins into the right atrium. This finding makes 
completely untenable the conventionally accepted belief that nearly all of the 
right coronary inflow drains by way of the Thebesian vessels into the right 
ventricle. 

To prevent confusion in terminology for the cardiac veins considered here, 
it is suggested that the officially accepted name “anterior cardiac veins” (BR 
of BHA) be used when indicated, and the conventional use of the misleading 
term “accessory veins,” as applied to an aggregate of several unspecified vessels, 
be avoided. 
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It lias recently been shown that normal male urine contains extractable ma- 
terial which possesses certain of the physiological properties of the adrenal 
cortical hormones. The extract shows the following biological activities when 
tested in the adrenaleetomized rat: 1, it increases resistance to cold (1): 2, it 
maintains life (2); 3, it elevates liver glycogen (3). In the present communica- 
tion it will be shown that this extract is also active when assayed by a muscle 
work test. 

Gans and Miley (4) showed that the gastrocnemius muscle of the adrenalec- 
tomized rat when stimulated to contract under load for a number of hours lost 
its contractility very much sooner than the muscle of the normal animal. Hart- 
man, Brownell and Lockwood (5) and Hales, Haslerud and Ingle (6) have 
confirmed this observation, and have shown that adrenal cortical extract is 
capable of prolonging the poorly sustained contractility which ensues after 
adrenalectomy. Ingle (7) has shown, moreover, that progesterone, testosterone, 
and estradiol are inactive and that desoxycorticosterone is considerably less active 
than those cortical steroids with an oxygen at position 11. It would appear, 
therefore, that the muscle “fatigue” test should be relatively specific for adrenal 
cortical hormones, and particularly for those steroids of the latter category. 

Methods. The urinary extracts were prepared as has previously been 
described (1). The method consisted briefly of an extraction of pooled urine 
from normal men with ethylene dichloride and a purification by removal of inert 
alkali soluble material with sodium hydroxide. The final extract was taken up 
in 10 per cent ethanol and adjusted to a volume so that 1 cc. was equivalent to 
1 liter of urine. 

Male rats of the Sprague Dawlev strain, weighing between 120 and 150 grams, 
were used. It was discovered early in the course of the experiments that only 
those animals which were in perfect condition and entirely free from respiratory 
infections were suitable for use. Dyspnea due to mucus in the respiratory tract 
was seen to cause marked impairment of muscle contractility. Three days after 
adrenalectomy the rats were given 1 cc. of the extract by stomach tube. Con- 
trols received either 1 cc. of water or 1 cc. of 10 per cent ethanol. A solution of 
sodium pentobarbital (2 mgm. per 100 grams of rat) mixed with sodium barbital 
(28 mgm. per 100 grams) was then injected intrap eritoneally. Four cubic centi- 
meters of water was injected subcutaneously just before the start of stimulation 
and a similar dose was administered 5 hours later. 

Through a circular incision near its attachment the gastrocnemius tendon was 
isolated, cut, and attached to a muscle lever loaded with a 50 gram weight. 
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Through another small incision the tibia was immobilized in a semi-vertical 
position by means of a small-jawed clamp. Into the distal region of the muscle 
a silver wire electrode was inserted. 

Stimulation was accomplished by means of a Harvard inductorium. The 
source of the current was a 2 volt storage batteiy and the interrupting device 
consisted of a flat weighted flexible strip of steel with a wire attached to the 
free end which made intermittent contact with a mercury cup. Vibration was 
maintained by a magnet attached above the region of the fixed end of the spring. 
The rate of stimulation was three per second, the stimulus was super-maximal, 
and both make and break shocks were used. Two rats were connected in series 
and in the great majority of cases one of these animals served as an untreated 




Fig. 1. Muscle performance of adrenalectomized rats after injection of urinary extract 
and adrenal cortical extract. The readings in part A represent work performance while 
those in part B represent time elapsing until contractions ceased. The horizontal lines 
indicate the average for each group. 

control. Contractions were recorded on a smoked drum which was made to 
revolve at constant speed so that one revolution was completed in 30 hours. 
Work performance was estimated by measurement of the area of the record of 
contraction. The animals were enclosed in a chamber in which the temperature 
was held at 28°C. ± 0.5. Stimulation was not continued longer than 29 hours. 

Kymographic recording of muscle contraction has one advantage over me- 
chanical counting devices. It allows one to determine whether there is a true 
gradual muscle “fatigue” before the death of the animal. A gradual decline 
in muscle contractility was considered essential for an acceptable assay. Many 
rats for one reason or another die. abruptly while muscle contractility is still 
unimpaired. All records which indicated this course of events were excluded 
from the present series. 
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Results. The average performance of the rats which received the urine 
extract was 70 per cent greater than that of the controls (fig. 1 A). In view of 
the fact that the difference between the two means was 3.8 times its standard 
error, this increase may be considered to have definite significance. 

Sham operated rats showed at the end of 30 hours a height of contraction which 
was only slightly less than at the beginning of stimulation. Because the true 
limit of performance of these rats can not be estimated without prolonging the 
experiments for a number of days this group was not included in the table. 

Included in figure 1 are responses obtained with Wilson’s adrenal cortical 
extract (1 cc. - 75 grams of gland). Two-tenths cubic centimeter of extract 
produced an 80 per cent increase and 0.4 cc. a 100 per cent increase in work 
performance. The extract from one liter of urine gave a response of the same 
general magnitude as 0.2 cc. of the adrenal cortical extract. 

As others have previously pointed out (6), it is unlikely that the poorly sus- 
tained muscle contractility which is observed in adrenalectomized animals is 
due to simple intrinsic fatigue. In the 50 animals used for assay, with only one 
exception, death occurred within 3 hours after failure of contraction. It would 
seem that muscle failure occurred because the animal was approaching death, 
and that the values obtained for work performance were largely a reflection of 
the ability of the animal to survive under the stress imposed bj r the conditions 
of the experiment. As seen from figure 1 B the time that contractility is made 
to endure is as good a measure of the activity of an extract as is work perform- 
ance. 

Discussion. The same extract wliich was found active by the muscle work 
test here employed has also been shown to possess activity in the cold protection 
test. Furthermore, it has been shown to maintain the life of adrenalectomized 
rats and to elevate liver glycogen. This urinary preparation is thus seen to 
possess all of the physiological properties of adrenal cortical extract wliich have 
been tested for up to this time. The present experiments lend weight to the 
possibility that urine contains certain unidentified active steroids which have 
their origin in the adrenal cortex. 


SUMMARY 

The urine of normal men contains extractable material which is active in a 
muscle work test. The extract from one liter of urine gave a response roughly 
comparable to that produced by 0.2 cc. of Wilson’s cortical extract. 

We are greatly indebted to Miss Ethel Buchwald for technical assistance. 
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The automatic rhythmical recurrence of inspiratory contractions, their sim- 
plicity of pattern, their dependable uniformity and their ease of electrical regis- 
tration suggested using them in a comparative study of motor integration. Five 
mammals, the mouse, rat, rabbit, dog and horse were chosen for their differences 
in size and for differences in nimbleness of movement often associated with size. 

Results. Contractions of the diaphragm of the mouse, rat, rabbit, dog and 
horse, recorded electricalty with widely separated electrodes to include the activ- 
ity r of numerous muscle units, show characteristic electrical fusillades whose 
patterns of increasing density and amplitude of electrical deflections are virtually 
indistinguishable from one another (see figs. 4, 5, C, 7 and 8). On the basis of 
older experiments on the dog the increasing density and amplitude of electrical 
deflections in each of these figures is interpreted to indicate a progressively in- 
creasing activity of the muscle units plus an increasing coincidence and summa- 
tion of potentials of synchronousty contracting units (Gesell, Atkinson and 
Brown, 1941). Similarity of configuration of the electrical fusillades would 
therefore be strong evidence in itself for a common underlying mechanism of 
central integration of inspiratoiy contractions in mammals. With that in mind, 
we have attempted to resolve the fusillades of each group of mammals into their 
component parts. This was accomplished by placing leading-off electrodes on 
the surface of a relatively inactive portion of muscle where few muscle units were 
contracting (see figs. 10-14 and 15-20). With fortunate placement such pro- 
cedure allows analysis of individual activity of 1, 2, 3, or even 4 muscle units 
throughout the course of inspiration. By increasing the chemical stimulus to 
breathing, physiological modification of activity of the individual units can be 
observed. 

Dog. Abundant observations on the respiratory contractions of the dog (see 
review by Gesell, 1940) offer a suitable starting point of comparison. Progres- 
sive strengthening of contraction, as inspiration advances, is characteristic (figs. 

1 and 7). This effective adjustment to increasing mechanical resistance is at- 
tained by a simple arrangement of multifiber twitching consisting of a progressive 
recruitment of newly activated units plus a progressive quickening of twitch 
rhythm of the activated muscle units (see fig. 1). The schema reads from left 
to right. Muscle unit 1 leads the contraction, twitching with increasing fre- 
quency as inspiration progresses. Before inspiration is ended, 28 dormant units 

1 This research was supported in part by a grant from the Horace IT. Rackham Sciiool 
of Graduate Studies, University of Michigan. 

2 Preliminary report, A. K. Atkinson and R. Gesell. This Journal, 133: P199, 1941. 
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are recruited along the left diagonal, each successive unit adding a decreasing 
number of twitches. As each inspiration advances more units contract in unison 




Figs. 1-3 


and the sum total of their pulls increases to a relatively uniform maximum in- 
tensity. Subsidence of contraction is much faster (Gesell, Atkinson and Brown, 
1941). 
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Rat. The rat shows the same type of recruitment and twitch frequency con- 
trol in normal eupneic inspirations as those illustrated in figure 1 and also similar 
intensifications of these processes by increasing chemical stimulation of breath- 
ing as those observed in the dog. These facts are evidenced in progressively 
augmenting contractions, figures 15, 16, 17, 18, 19 and 20, in which the twitches 
of 3 muscle units can be followed during increasing chemical stimulation (re- 
breathing). In contraction 1 (fig. 15) only one muscle unit is active in the 
proximity of the electrodes. It twitches 11 times in all and with increasing 
frequency. Units 2 and 3, for the present dormant, are to be recruited as the 
contractions become stronger. Augmentation of contraction is evident in the 
increasing sum total of twitches per inspiration (11, 13, 16, 19, 24 and 39 twitches 
respectively). The nature of the intensification is revealed in the number of 
twitches of the individual units (11 + 0 + 0) (12 + 1 + 0) (13 + 3 + 0) (14 + 
4 + 1) (15 + 6 + 3) (18 + 10 + 11), and the timing of these twitches in the 
inspiratory phase (see records). 

Mouse. Recruitment and increasing frequency of muscle fiber twitch as 
inspiration advances and intensification of these mechanisms by asphyxia are as 
characteristic for the mouse as for the dog and rat. Figures 10, 11, 12, 13 and 
14, arranged in order of intensity and not in order of occurrence, are of interest 
in showing that sporadic irregularities in depth of breathing, occurring during a 
continued uniform chemical drive, are also dependent upon orderly recruitment 
and twitch f requeue}'' control. The stronger the contraction the greater is the 
number of twitches of the newly recruited unit, the higher is the maximum twitch 
frequency and the earlier is the participation in contraction. 

Rabbit. Figure 29, obtained from the diaphragm of the rabbit, is a rather 
exceptional illustration showing the precision and the nicety of control of muscu- 
lar contractions. It reveals in terms of twitches of a single newly recruited unit 
how increasing chemical demands (rebreathing) are met by increasing mechan- 
ical response. The leading-off electrodes were resting on a very inactive portion 
of the muscle, as is witnessed by the faintly visible activity of a single distant 
unit. Fortunately tliis unit is active throughout each period of inspiration 
(eupneic as well as hvperpneic) and, therefore, automatically marks the beginning 
and end of each inspiration. 

The first breath is eupneic and shows activity in the distant unit only. At the 
end of the second breath a newly activated unit contributes two twitches. This 
unit shows increasing activity as rebreathing continues. In the third breath it 
contracts 4 times instead of twice, then 6, 9, 10, 11, 12, 13, 14, 16, 17, 18, 19 and 
20 times, thus meeting the growing needs of asphyxia with appropriate libera- 
tion of mechanical energy. Note that the rhytlimic activity of the newly re- 
cruited muscle unit is lowest at the beginning of each series of twitches regardless 
of the moment in the phase of inspiration at which activity begins, that the 
frequency of twitch increases as each series of twitches approaches its end, and 
that the twitch frequency attains a greater maximum the longer the period of 
activity (i.e., the more nearly complete the recruitment). These observations 
indicate that in the rabbit, as in the dog (fig. 1), the forces producing recruitment 
and acceleration of twitch increase to a maximum at the end of inspiration. 









MOTOR INTEGRATION 


749 


Adrian and Bronk (1928) studying the discharge in single fiber preparations 
ol the phrenic nerve of the rabbit could find no clear evidence for recruitment in 
that no single fiber was observed to be active for a period significant^ shorter 
than the inspiratory discharge of the whole nerve. Nor did they observe in- 
creasing frequency of twitch of the individual units during the course of inspira- 
tion. Such “rectangular” contractions, beginning and ending abrupt^, stand 
in contrast to the slowly increasing “triangular” contractions illustrated in 
figures 4, 5, G, 7 and 8. To explain greater strength of diaphragmatic contrac- 
tions produced by asphyxia they proposed “as far as concerns that part of the 
muscle supplied by the third cervical root of the phrenic” that gradation is “due 
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mainly to the increased number of impulses which reach the muscle from each 
nerve fiber.” Similar views were expressed for the flexion reflex. In the exten- 
sion reflex and in the inspiratory contractions of the intercostal muscles the 
number of active fibers and their frequency of discharge were however found to 
increase as contraction progressed (Bronk and Ferguson, 1935). 

Because our results were obtained from the diaphragm rather than from its 
motor nerve, we have made a few observations on the phrenic nerve as well. 
As is seen in figure 9, inspiratory fusillades of the phrenic nerve trunk of the 
rabbit are similar to diaphragmatic fusillades (figs. 4, 5, 6, 7 and 8). Observa- 
tions on smaller fractions of the nerve reveal that recruitment and increasing 
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frequency of nerve cell discharge are comparable to recruitment and twitch 
frequency changes in muscle. Since all parts of the diaphragm of the rabbit 
seemed to contract in a similar fashion, it is concluded that our findings on the 
rabbit are essentially the same as those on the mouse, rat and dog. 

Horse. The events of contraction in the horse (figs. 21 to 28) are essentiallv 
the same as those in the preceding mammals. Incompletely recruited muscle 
units (see fig. 21) contract late in the inspiratory phase and at a low frequency. 
When more nearly completely reeniited (rebreathing) they contract earlier and 
attain a higher frequency (see fig. 22). There are 4 twitches in the first inspira- 
tion as compared with 13 in the second. Maximum twitch frequency is 2.5 per 
second in figure 21 as compared with 5 per second in figure 22. Recruitment of 
new muscle units during the course of an ordinary eupneic inspiration increases 
progressively in the usual orderly way (see fig. 23 showing three sets of discrete 
potentials). Muscle unit 1 contracts relatively ear ly in the phase of inspiration, 
twitching approximated 20 times. Muscle unit 2 follows later, twitching 7 
times, while unit 3 beginning still later, twitches only 3 times in all. The elec- 
trogram in figure 24 represents a considerably deeper breath, occurring sporad- 
ically in the same horse. Many more muscle units come into play. The fusil- 
lade becomes more dense, consequently concealing the discreteness of activity 
of individual muscle units noted early in the phase of inspiration. The following 
four records (figs. 25, 26, 27 and 28) are from a single setting of the leading-off 
electrodes on the diaphragm of another horse subjected to increasing chemical 
stimulation of rebreathing. The important role of recruitment is evident. 

Other animals. Adjustment of muscular contraction to mechanical require- 
ments such as described for mammals is undoubtedly a survival of a primitive 
mechanism for it is found to exist in the inspiratory contractions of the bird and 
reptile as well as in the mammal. It is found in expiratory contractions of in- 
sects, reptiles, birds and mammals which also meet with increasing resistance as 
contraction advances (Loofbourrow and Gesell, 1941). 

Parallelism of respiratory and motor neuron rhythm. Under the conditions of 
our experiments, the horse, dog, rabbit, rat and mouse breathed at a frequency 
of approximately 8, 15, 50, 65 and 100 per minute respectively (see table). The 
corresponding durations of the inspiratory phase of eupnea were roughly 2.4, 
1.3, 0.6, 0.4 and 0.3 of a second. The average eupneic twitch frequency of fully 
recruited muscle units at the end of inspiration, in round numbers, was about 
10, 20, 50, 40 and 100 per second. These figures, derived from limited observa- 
tions, are at best approximations only. Large ranges in twitch frequency ex- 
tending between 5 to 16 in the horse, 10-30 in the dog, 25-60 in the rabbit, 25-45 
in the rat and 60 to 150 in the mouse, give no sure indication where the average 
for eupnea lies. Anesthesia, magnitude of prevailing chemical drives, and the 
condition of individual animals probably all contribute to this great range. 
■Nevertheless our table is suggestive on several points. 

The most striking and pertinent relationship is the tendency towards paral- 
lelism between respiratory rhythm and muscle fiber twitch rhythm. 4 he mouse 
breathes approximately 10 times as frequently as the horse. Its muscle fibers 
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twitch in the same ratio. The rabbit, breathing 6 times as frequently, has a 
muscle fiber rhythm about 5 times that of the horse. The dog, breathing about 
twice as often, has a muscle fiber twitch rhythm approximately twice that of the 
horse. This simple relationship implies that nimbleness of body and nimbleness 
of individual nervous integrating units tend to go hand in hand. 

The twitch frequency of the rat, compared with that of the rabbit, suggests a 
deviation from a strictly inverse relation to animal size. Factors other than 
mass conceivably plaj r a role in the evolution of nimbleness, e.g., the security of 
the porcupine and skunk against attack might be a reasonable explanation of 
their deliberate movements. These animals were unfortunately not available 
for a study of their underlying motor integrations at the time of our experiments. 

Parallelism of respiratory rhythm and of motor neuron and muscle fiber twitch 
rhythm in the mouse, rabbit, dog and horse should tend to produce approxi- 
mately the same maximum number of twitches per inspiration in those units 
which lead off the inspiratory act. Direct observations indicate a reasonable 


TABLE 1 


ANIMAL 

AVERAGE 1 
NUMBER OF 
BREATHS 
TER MINUTE 

ArPROXI- 1 
MATE 
AVERAGE 
DURATION ; 
or THE 
INSPIRA- 
TORY PHASE 

RANGE OF 
MUSCLE 
TIBER 
TWITCH 
FREQUENCY 
PER SECOND 

APPROXI- 
MATE 
AVERAGE 
NUMBER OF 
MUSCLE 
FIBER 

TWITCHES 
PER SECOND 

COMPUTED 
NUMBER OF 
TWITCHES PER 
INSPIRATION 
USING OBSERVED 
FREQUENCY ; 
OF TWITCH 

COMPUTED 
NUMBER OF 
TWITCHES PER 
INSPIRATION 
ASSUMING A 
COMMON 
frequency OF 
10 PER SECOND 

NUMBER OF 
ANIMALS 
OBSERVED 

Iiorsc 

8 

seconds 

2.5 

5-16 

m 

. 25 

25 


Hog 

15 

1.3 

10-30 

SI 

26 

13 


Rabbit 

50 

0.6 

25-60 

mSm 

30 

6 


Rat 

65 

0.4 

25-45 

mm 

16 

4 


Mouse 

100 

0.3 

60-150 

Bfl 

30 

3 



agreement with expected results (see table). It is postulated that the number 
of twitches actually employed in the leading off units in a contraction forms the 
substructure upon which that contraction is built and that this substructure is 
suited to the purposes and to the control of that contraction. 

The function and relative importance of the mechanisms of recruitment and fre- 
quency control. To enquire more specifically into the function and relative im- 
portance of the factors of recruitment and frequency in the gradation of strength 
of muscular contraction, an artificial schema of multifiber twitching was con- 
structed in which the frequency factor was omitted (see fig. 2) . The muscle units 
were arbitrarily scheduled to twitch at a uniform frequency of 7 per second, with 
intervening recruitment intervals of one forty-ninth of a second. Each muscle 
unit is numbered in the order of its recruitment along the line A.F. Units 1, 2, 
3, 4, 5, 6, and 7 contract successively but never in unison. Reinforcement is 
therefore wanting until coincidence of twitch 1 of unit S with twitch 2 of unit 1, 
doubles the intensity of contraction. Serial coincidence of twitch 1 of units 
9-14 with twitch 2 of units 2-7 maintains this doubled intensity. Progressively 













752 


ROBERT GESELL AND A. K. ATKINSON 


increasing coincidence increases the strength of contraction by 1 muscle unit per 
1 of a second. At the end of 4 seconds the leading off unit will have twitched 28 
times and that unit will have been supported b3 r 27 additional units. 

The maximum theoretical limit of gradation of muscular contraction b} r re- 
cruitment may be expressed by the fraction X/l where X equals the total num- 
ber of recruitable units in a muscle and 1 represents the mimimal recruitment, 
i.e., of one muscle unit. The maximum limit of gradation of contraction 
by twitch frequency control is according to the direct measure of Adrian 
and Bronk (1928) significantly smaller, approximately a quadrupling of strength. 
The fraction X/4 would therefore represent the relative importance of recruit- 
ment and twitch frequency control. Actually X must vary tremendously with 
size and structure running well into the thousands in some muscles. In larger 
animals where the number of recruitable motor nerve cells and their correspond- 
ing muscle units is proportionately greater (see D’Arcy W. Thompson, Growth 
and form, 1917), recruitment as a power factor must play an almost exclusive 
role in the gradation of muscular contraction. 

It is obvious that a shortening of recruiting intervals must result in a greater 
sum total of recruitment, and a finer gradation of contraction. Were the mouse, 
e.g., to integrate its extreme^ short inspiratory contractions on the same fiber 
twitch frequency as that of the horse there could be only 3 twitches per inspira- 
tion in any single unit (see fig. 3). Mechanical reinforcement of contraction 
would of necessity be small and gradation of contraction rough and jerky, a 
trebling of strength occurring in but 2 stages. In the rabbit, strength of con- 
traction would increase 7 fold, in 6 stages. In the dog, the contraction would 
increase 13 fold in 12 stages and in the horse 25 fold in 24 stages. 

Factors hearing on the mechanism ami the site of recruitment and frequency con- 
trol. Though frequency of ?nusclc fiber twitch may exercise small mechanical 
advantages frequency of nerve cell discharge may nevertheless be a factor of major 
importance in the control of muscular contraction. This hinges on the effective 
mechanisms of central summation of stimulation. Witness the intensification 
of spinal reflexes by either a prolongation or an increased frequency of repetitive 
stimulation. By analogy a discharging motor neuron, granting recurrent col- 
lateral and intermotor connections (Ramon y Cajal, 1909; Retzius and Lin- 
hossek — reference Ramon y Cajal; Gesell, 1940 — figs. 41 and 42), could create a 
similar augmentation of recruitment and frequency of discharge in all intercon- 
nected motor neurons (see Gesell, Hansen and Worzniak, 1943). Thus a pro- 
longed series of discharges in a leading-off motor neuron, like a simple prolonga- 
tion of sensory stimulation, and an increasing frequency of motor discharge, like 
a more frequent sensory stimulation, would favor an accumulative pooling of 
acetylcholine at interconnected motor neurons proportional to the sum total of 
nerve cell discharges. Such pooling would automatically provide a central 
mechanism of progressive intensification of contraction. 

Lightness of bombardment and absence of truly converging motor impulses 
in skeletal muscle on the other hand prevent similar integrations in the periphery . 3 

3 Pieurisegmental innervation of muscle (Cattell, 192S, and Katz and Kufflcr, 1941) 
can hardly be regarded as the equivalent of central convergence because 2 or 3 pleuriseg- 
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The neuron generally regarded as extremely reactive to the fluctuating elec- 
trical effects of temporal changes in bombardment, is now shown to possess 
synaptic potentials of a highly sluggish time course as compared with the motor 
and plate potentials of muscle (Eccles, J. P., 1943). “The latent period is about 
5-7 times longer, the rising phase initially about 10 times slower, and the summit 
time and rate of decay 15-20 times slower.” In the light of our “electrotonic” 
or“liumoro electrical” concepts of physiological stimulation such gross diff erences 
in time course are suited to the well-known characteristics of nervous and muscu- 
lar function. If a slow time course of synaptic potentials is sjmonymous with a 
slow time course of release and decay of acet 3 r lcholine, opportunities prevail for a 
gradual pooling and depooling of acetylcholine conforming with nicely graded 
summation (i.e., recruitment and acceleration of frequency of nerve cell dis- 
charge) and progressively diminishing after-discharge so common to nervous 
function. The rapid time course of motor end plate potentials (rapid release and 
decay of acetylcholine) on the contra^- is correspondingly resistant to pooling. 

Thus muscle and nerve would seem to differ in the nature of their stimulation. 
In muscle stimulation is electroelonic or pulsatile. Individual muscle fibers are 
stimulated once by a single, transient and private motor end plate potential. 
In nerve cells stimulation is electrotonic or non pulsatile and collective. Hetero- 
geneous impulses impinging on the neuron by virtue of their force of numbers, 
their asynchronous order, and their sluggish s 3 r naptic potentials combine their 
overlapping effects into a collectively smoothed potential (Gesell, 1939, 1940; 
Gesell, Brassfield and Hansen, 1942). Direct experiments (Eccles, 1943) now 
show that prolonged and repetitive stimulation of preganglionic fibers sets up a 
stead 3 r , sustained, and greatly augmented synaptic potential. Such findings 
would seem to establish the existence of a continuing excitatory current as de- 
scribed in our “electrotonic” and “humoro electrical” theoiy in which it is pro- 
posed that the axon hillock (the point of emergence of the current) is fired rhyth- 
mically at a frequency proportional to current intenshy. 

Comparisons. From a comparative point of view, special mechanical advan- 
tages suitable to great size, mass, inertia and momentum conceivabty accrue 
from slow rlythmical activhy of muscle fibers and from prolonged muscular 
contractions. Slowness of pickup, such as occurs in the inspirations of a horse, 
.should adapt mechanically to great mass and inertia. Great abundance of 
nerve cells and muscle units combined with ample time for contraction should 
assure the necessaiy power while still avoiding excessive acceleration. The 
mouse on the other hand would seem to operate on a somewhat different basis. 
In contrast to the horse, high frequency of twitch and smaller mass favor speedier 
pickup and nimbler gait, thus twitch frequenc 3 r is adapted to the shortness and 


mental impulses arriving at a common muscle fiber produce independent stimulation at each 
site of impingement. Though mechanical summation occurs there is no evidence and no 
conceivable mechanism for the summation of such widely separated stimuli. An inherent 
rhythmic response to bombardment such as witnessed in the neuron is normally missing 
and only under conditions more comparable to nerve cell stimulation, produced by the 
protective action of eserine, can a release of acetylcholine at a motor end plate produce a 
rhythmic twitching; 
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lightness of its appendages. If diminutive animals are not to suffer unduly from 
the speed of their larger competitors and enemies, the shortness of their append- 
ages needs compensation by a corresponding shortening of progression cycles. 
Similarly were the mouse to breathe as slow!} 7 as the horse, gross periodical chem- 
ical changes must undoubtedly occur in the course of each respiratory cycle. 
Correction of this defect by an increase of the volume of its lungs would obvi- 
ously lead to other disadvantages. 

Difference in motor nervous activity in large and small animals raises ques- 
tions of interrelationships and of cause and effect. Are all functions of the brain 
in small animals geared to the same high intensity as that of motor integration? 
Are animals quick in their movements equally quick in other nervous integra- 
tions — sensory perceptions, associations, etc.? Are the relationships between 
metabolism and nervous function causal? Is the heightened basal metabolism 
of smaller animals a result of a heightened frequencj* of activity of its cellular 
units or conversely is the heightened frequency discharge of a nerve cell a result 
of its heightened metabolic rate due to surface volume relation? Is there a 
comparative functionalmeasure of life span in such animals as the mouse and horse 
measurable in units more accurate than time, e.g., such activities as the number 
of breaths and nerve cell discharges per life? 

SUMMARY 

Contractions of the diaphragm of the mouse, rat, rabbit, dog and horse show 
characteristic electrical patterns of multifiber twitching. 

This similarity of twitching indicates a common evolutionary adaptation for 
meeting analogous mechanical requirements (an increasing resistance to an 
increasing pulmonary inflation as inspiration progresses). 

The adaptation consists of a progressive recruitment of activity of dormant 
reserve muscle units and an increasing frequency of twitch of the individual ac- 
tivated units. 

This adjustment is a primitive mechanism for it is found in muscular con- 
tractions of insects, reptiles and birds as well as mammals. 

All evidence indicates that recruitment of reserve muscle units is a far more 
important mechanism of gradation of strength of contraction than is adjustment 
of twitch frequency. 

Respiratory and motor nerve cell rhythm were found to be higher in general 
in the smaller and nimbler animals. 

As a consequence of this parallelism, the number of discharges of those motor 
neurons which lead inspiratory contractions tend to be approximately equal. 
This equality offers comparable facilities for the control of the frequency and 
recruitment factors and helps to explain similarity of inspiratory contractions. 
Thus the events transpiring in the prolonged inspiration of a horse are accelerated 
and compressed, without basic change, into the shortened inspiration of a mouse. 
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